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Abstract 
Household air pollution (HAP), predominantly from cooking fuel, is a major public health 
hazard and one of the leading causes of respiratory illness and death among young children 
under-five years of age. Approximately, 3 billion people still rely on solid fuels (e.g. wood, 
crop residue, coal, animal dung etc.) for their everyday cooking and heating. Exposure to 
HAP resulting from indoor smoke from solid fuels is a substantial cause of respiratory illness 
and death among young children in low and middle-income countries, and globally, more 
than 2.9 million annual deaths have been attributed to HAP.  
 
Very few studies in the South Asian region have addressed HAP related child mortality 
outcomes, which is an ongoing public health concern. Most of the studies in this region have 
mainly focused on HAP related morbidity outcomes among young children. This thesis 
examined the association between HAP from cooking fuel and under-five mortality in South 
Asia by using nationally representative surveys. Specifically, a series of studies for 
Bangladesh, India, Pakistan and Nepal were conducted in this thesis to investigate the 
following: (1) to establish the strength of the association between HAP from use of cooking 
fuel and under-five mortality in Bangladesh, India, Pakistan and Nepal; (2) to investigate 
trends in HAP and its impact on under-five mortality over time in South Asia; (3) to identify 
the role of key environmental and behavioral factors (for example, breastfeeding status, place 
of residence and location of kitchen) that might affect the level of HAP exposure from use of 
cooking fuel associated with under-five mortality within South Asian countries; (4) to assess 
the attributable risk associated with HAP from use of cooking fuel and under-five mortality, 
and to examine theoretical scenarios assessing the potential impact of interventions to reduce 
HAP exposure. A series of nationally representative Demographic and Health Survey (DHS) 
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datasets for Bangladesh, India, Pakistan and Nepal were used to address these specific 
objectives.  
 
Bangladesh 
Bangladesh is a developing and overpopulated country in South Asia. No study in 
Bangladesh has examined the effect of HAP on nation-wide under-five mortality.  The 
association between HAP from cooking fuel and neonatal (age between 0-28 days), infant 
(age between 0-11 months) and under-five (age between 0-59 months) mortality was 
investigated using Bangladesh Demographic and Health Survey (BDHS) datasets over the 
period 2004-2011, and the extent to which this association differed by environmental and 
behavioral factors affecting level of exposure to HAP were analyzed in the first study of this 
thesis (Chapter five). This national study in Bangladesh found that the association was 
higher for neonatal (aged 0-28 days) mortality (OR=1.49, 95% CI=1.01-2.22, P=0.043) than 
the infant (OR=1.27, 95% CI=0.91-1.77, P=0.157) and under-five mortality (OR=1.14, 95% 
CI=0.83-1.55, P=0.422) in the context of overall decreasing trends in under-five mortality 
associated with HAP from cooking fuel. The analyses for this study also found that the 
association was stronger for children in households with no separate kitchen using polluting 
fuels (neonatal mortality: OR=1.59, 95% CI=0.94-2.69, P=0.084, infant mortality: OR=1.69, 
95% CI=1.09-2.62, P=0.019 and under-five mortality: OR=1.88, 95% CI=1.23-2.87, 
P=0.003) and in children who had never breastfed and whose mother using polluting fuels for 
cooking (neonatal mortality: OR=5.39, 95% CI=2.94-9.92, P<0.001, infant mortality: 
OR=4.47, 95% CI=2.83-7.06, P<0.001 and under-five mortality: OR=4.21, 95% CI=2.77-
6.41, P<0.001).  
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India 
India is the second most populous country and the seventh largest in the world. More than 
90% of rural population in India still rely on solid fuels for domestic source of energy. Very 
few studies in India reported the effects of HAP and other health outcomes with under-five 
mortality; moreover, all of these studies have been limited to specific geographical areas or 
hospital based data and not exclusively HAP from cooking fuel. Therefore, the next 
nationally representative study in this thesis investigated trends in the association between 
HAP from cooking fuel and under-five mortality for four separate age-groups (neonatal aged 
0-28 days, post-neonatal aged 0-11months, child aged 12-59 months and under-five aged 0-
59 months), and to assess how this is affected by key environmental and behavioral factors 
using National Family and Health Survey (NFHS) over the period (1992-2006) (Chapter 
Six). Findings suggest that the association was stronger in post-neonatal (OR=1.42, 95% 
CI=1.19-1.71, P<0.001) and child mortality (OR=1.42, 95% CI=1.05-1.91, P=0.021) than 
neonatal mortality (OR=1.23, 95% CI=1.09-1.39, P=0.001) associated with HAP from 
cooking fuel in India. A stronger association was identified for children in households 
without a separate kitchen using polluting fuels (neonatal mortality: OR=2.34, 95% CI=2.11-
2.59, P<0.001, post neonatal mortality: OR=4.03, 95% CI=3.40-4.78, P<0.001 and child 
mortality: OR=7.37, 95% CI=5.56-9.76, P<0.001) and in children who had never breastfed 
and whose mother using polluting fuels for all age-groups (neonatal mortality: OR=5.36 95% 
CI=4.65-6.19, P<0.001, post neonatal mortality: OR=8.87, 95% CI=6.94-11.33, P<0.001 and 
child mortality: OR=10.47, 95% CI=7.13-15.37, P<0.001). 
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Pakistan 
Pakistan is the sixth most populous agricultural country in the world where traditional ways 
of using solid fuels are the only available options for everyday cooking in most of the rural 
areas. No previous studies in this region have investigated the effect of HAP from cooking 
fuel on under-five mortality using large-scale national data. Accordingly, this study (Chapter 
Seven) for the first time examined the association between HAP from use of cooking fuel and 
under-five mortality across four age groups (neonatal, post-neonatal, child and under-five) in 
Pakistan, and assessed how observed association were affected by key environmental and 
behavioral factors by using Pakistan Demographic and Health Survey (PDHS) data for the 
year 2013. In this study, use of cooking fuel was strongly associated with mortality in 
children aged 12-59 months (OR=1.98, 95% CI=0.75-5.25, P=0.169) compared to other sub-
groups (neonatal mortality: OR=1.09, 95% CI=0.77-1.54, P=0.643, post neonatal mortality: 
OR=1.31, 95% CI=0.75-2.27, P=0.342 and under-five mortality: OR=1.22, 95% CI=0.92-
1.64, P=0.170). Additionally, stronger associations between HAP from the use of cooking 
fuel and mortality were evident (ORs >5) in those aged 12-59 months for households without 
a separate kitchen using polluting fuels (OR=7.63, 95% CI=2.08-27.95, P=0.002), and in 
children whose mother never breastfed using polluting fuel for cooking (OR=5.11, 95% 
CI=1.44-18.17, P=0.012). 
 
 
Nepal     
Nepal is a small, low-income country in South Asia, where more than 75% of the total 
population still rely on solid fuels for domestic source of energy. This nationally 
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representative study examined for the first time the trends in the association between HAP 
from cooking fuel and under-five mortality for four separate age-groups (neonatal, post-
neonatal, child and under-five) by using the Nepal Demographic and Health Survey (NDHS) 
datasets over the period 2001-2011 and to estimate the potential impact of interventions to 
reduce HAP (Chapter Eight). In Nepal, this thesis found a stronger association for neonatal 
(aged 0-28 days) mortality (OR=2.67, 95% CI=1.47-4.82, P=0.001) than for other age-groups 
of children (post neonatal mortality: OR=1.61, 95% CI=0.67-3.87, P=0.287, child mortality: 
OR=1.29, 95% CI=0.33-4.99, P=0.712 and under-five mortality: OR=2.19, 95% CI=1.37-
3.51, P=0.001) and a stronger association was identified for children in rural households 
using polluting fuels for cooking (neonatal mortality: OR=3.30, 95% CI=1.61-6.80, P=0.001 
and under-five mortality: OR=3.12, 95% CI=1.76-5.53, P<0.001) compared to urban 
children. Similar to other study countries, a stronger association was found for children in 
households without a separate kitchen using polluting fuel for cooking (neonatal mortality: 
OR=7.19, 95% CI=0.99-52.25, P=0.051 and under-five mortality: OR=2.66, 95% CI=0.96-
7.33, P=0.060), and in children who had never been breastfed (neonatal mortality: OR=13.47, 
95% CI=5.46-33.27, P<0.001 and under-five mortality: OR=13.25, 95% CI=6.47-27.15, 
P<0.001) in Nepal. This Nepalese study developed theoretical scenarios to estimate the 
potential impact of previous intervention studies in Nepal with a view to apply similar 
approaches to the other South Asian countries identified in the thesis. Potential impact 
fractions (PIFs) assessing any risk factors and the impact of previous interventions to reduce 
exposure prevalence were also calculated in this chapter. PIF estimates, assuming a 63% of 
reduction of HAP based on previously published interventions in Nepal, suggested that a 
burden of 40% of neonatal and 33% of under-five mortality cases associated with an indoor 
kitchen using polluting fuel could be avoidable in the Nepal context.  
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Analyses of mortality burden 
Chapter Nine in this thesis aimed to evaluate and compare the childhood mortality 
attributable to HAP across the four South Asian countries. A series of Demographic and 
Health Survey (DHS) datasets for Bangladesh, India, Pakistan and Nepal were used for 
analysis. Estimates of relative risk and exposure prevalence relating to HAP from the use of 
cooking fuel and under-five mortality were used to calculate population attributable fractions 
(PAFs) for each country. Potential impact fractions (PIFs) were also calculated assessing 
theoretical scenarios based on the effect sizes of published interventions which aimed to 
reduce exposure prevalence. Combined PAF estimates for South Asia suggested that 66% 
(95%CI: 43.1-81.5%) of the 13,290 estimated cases of under-five mortality was attributable 
to HAP. Joint PIF estimates (assuming achievable reductions in HAP reported in intervention 
studies conducted in South Asia) indicates 47% (95%CI: 25.3-63.1%) of neonatal and 43% 
(95%CI: 22.8-57.6%) of under-five mortality cases associated with HAP could be avoidable 
in South Asian countries of Bangladesh, India, Pakistan and Nepal. 
 
Conclusion 
Findings from these five studies emphasize the necessity for country-specific, context-
specific and cost-effective intervention plans to reduce under-five mortality related with HAP 
from cooking fuel - a modifiable risk factor in South Asia. Elimination of exposure to HAP 
from use of cooking fuel in the household targeting valuable behavioral intervention 
strategies (such as breastfeeding in infancy period, cooking in the separate kitchen, keeping 
young children away from the cooking area and use improved cooking stoves for cooking) 
could reduce under-five mortality substantially in South Asian countries.   
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Chapter One 
Research Background  
An overview of HAP and health, the putative biological mechanism of exposure to HAP, and 
information on the countries of study are presented in this first chapter of the thesis. This 
chapter also presents the research case and structure for this thesis. 
 
Synopsis of chapter 
Household air pollution (HAP) from cooking fuel is a substantial cause of smoke related 
illness and death among young children and women, and a major public health concern in the 
developing world (Fullerton et al., 2008, Smith and Mehta, 2003). The main focus of this 
thesis is to extend this knowledge by investigating trends and determinants of under-five 
mortality associated with HAP in South Asian regions (including Bangladesh, India, Pakistan 
and Nepal), where national level studies have not been conducted. 
 
This chapter provides information on the current situation of exposure to HAP in South Asian 
countries and effects of HAP on young children in this region. This chapter also presents the 
locations and demographics of each study country. There have been no nationally 
representative studies in Bangladesh, India, Nepal and Pakistan that investigated the trends 
and determinants of under-five mortality associated with HAP over time, and no studies have 
considered the role of environmental and behavioral factors that might affect the level of 
exposure to HAP from cooking fuel. Moreover, no studies in these four countries have 
investigated the attributable and avoidable burden of under-five mortality associated with 
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HAP from cooking fuel in order to provide country-specific evidence to inform health care 
policy makers. This chapter also provides a brief structure of the thesis.    
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Overview of HAP and health 
South Asia is home to a large, fast-growing population with a substantial proportion of the 
population living in poverty (Engelgau, 2011), and represents a region of the world with the 
highest population density.  Mortality rates have declined more quickly in some countries 
than others, and life expectancy in general has risen (Causa, 1992).  There is a great variation 
in population size among countries, yet all countries have similar proportions living in rural 
areas in poor conditions where addressing social determinants and delivering services often 
incur significant challenges (Engelgau, 2011). The developing countries of South Asia also 
need to contend with the emergence of the so-called avoidable disease burden of both 
communicable disease (e.g. tuberculosis, respiratory infections, and water borne diseases) 
and non-communicable disease (e.g. heart diseases, cancers, diabetes, and obesity) 
simultaneously. Communicable diseases are a leading cause of disease burden in most 
countries, but degenerative diseases have emerged as important public health problems 
(Engelgau, 2011). Health status in South Asia has dramatically improved in 1960 to 1995, for 
example, the under-five mortality rate has more than halved over that period (Causa, 1992). 
However, large inequalities still exist between countries and within countries, particularly 
among women and children. (Causa, 1992, Engelgau, 2011)  
 
Traditional use of household energy is a substantial cause of HAP and poses a serious threat 
to the health of women and young children in developing world (Fullerton et al., 2008, Smith 
and Mehta, 2003). More than 3 billion people depend on solid fuels (wood, animal dung, crop 
residues, charcoal and coal) for cooking and heating and, in the case of rural populations, 
approximately 90% households use biomass fuels as their primary source of domestic energy 
(Desai et al., 2004, Rehfuess et al., 2011, Rehfuess and WHO, 2006). Women are 
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predominantly responsible for cooking in most developing societies and young children who 
accompany their mothers during cooking are exposed to smoke from solid fuels, often in 
situations where fuel is burnt indoors with poor functioning stoves (Bruce et al., 2000, 
Rehfuess et al., 2011).  
 
Exposure to HAP: Pathophysiology 
It is well established that burning solid fuels result in the emission of a range of health 
damaging pollutants such as fine particles, carbon monoxide (CO2), nitrogen oxides (NO2), 
sulphur dioxide (SO2), benzene, butadiene, formaldehyde, polyaromatic hydro-carbons and a 
number of other chemicals which affect lungs and other organs (Naeher et al., 2007, WHO, 
2010b, WHO, 2006). Toxicological and controlled exposure studies of humans and animals 
have shown that ambient particulate matter (PM) have direct effects on the respiratory system 
including the production of an inflammatory response, exacerbation of existing airway 
diseases, for example, bronchial hyperresposiveness, and defects of pulmonary defense 
mechanisms (Naeher et al., 2007). The pollution has adverse consequences on the health of 
women and children under five years of age, as they spend most time indoors, and has also 
been implicated in acute respiratory infections (ARIs), a common cause of death among 
young children in developing countries (Martin II et al., 2014, Rehfuess et al., 2011). 
Children are more vulnerable to air pollution than adults because of their higher rate of 
oxygen consumption (approximately twice that of adults) and narrower airways which results 
in inhaling more pollutants present into the indoor air (Jenny Pronczuk-Garbino and WHO, 
2005, WHO, 2005). The young child’s respiratory system is affected most by air pollutants 
because of their developing airways and immature immune systems (Pope III, 2000, WHO, 
2005). Moreover, animal studies have also shown that exposure to pollutants during pre and 
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post-natal lung development period can lead to impaired lung growth (Naeher et al., 2007, 
Pope III, 2000). Globally, acute lower respiratory infections (ALRI) account for 12% of the 
burden of disease and 13% deaths of children less than five years have been attributed to 
HAP (WHO, 2014a, Smith et al., 2014). 
 
Solid fuel 
combustion HAP
Change in respiratory 
immune status
Acute 
respiratory 
infections
Young 
children
susceptibility
Under-five 
mortality
Sources Physiologic changes Outcomes
 
Figure 1: Conceptual model for HAP and health effects of young children. 
 
HAP from cooking fuel is an exposure predominantly associated with poverty. Despite many 
South Asian countries undergoing rapid economic development (such as Bangladesh, and 
India) there is substantial socio-economic inequality within countries, and HAP is an 
exposure that remains common in those impoverished populations in both urban and rural 
areas.  
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Overview of study countries 
South Asia 
Asia is the largest of the world’s seven continents. South Asia or Southern Asia is the 
southern region of the Asia continent which is mainly surrounded by the Indian ocean, the 
Himalayas and Afghanistan (Berglee, 2012). India and Pakistan are bounded by the Arabian 
sea to the west, and Bangladesh and India are bounded by the Bay of Bengal to the east 
(Berglee, 2012). The region of South Asia is surrounded on the south by the Indian Ocean 
and on land (clockwise from the west) by West Asia, Central Asia, East Asia and Southeast 
Asia (Berglee, 2012). The countries of South Asia comprise Sri Lanka, India, Bangladesh, 
Bhutan, Nepal, Pakistan and Maldives (Figure 2). This thesis separately examines four 
countries within South Asia including Bangladesh, India, Nepal and Pakistan. 
Figure 2: Map showing location and countries of the South Asian region. [source: South 
Asian Academy of Management (SAAM)] 
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Bangladesh 
Bangladesh is located in the north eastern part of South Asia and covers an area of 147,570 
square kilometres (National Institute of Population Research Training - NIPORT/Bangladesh 
et al., 2013). It is almost entirely surrounded by India, except for a short south eastern frontier 
with Myanmar and a southern coastline on the Bay of Bengal. Most of Bangladesh is low and 
flat and consists of alluvial soil. The most significant feature of the landscape is the extensive 
network of large and small rivers that are of primary importance to the socioeconomic life of 
the nation. The country experiences a hot summer season with high humidity from March to 
June; a somewhat cooler, but still hot and humid monsoon season from July through early 
October; and a cool, dry winter from November to the end of February. The fertile delta is 
subject to frequent natural calamities, such as floods, cyclones, tidal bores, and drought. 
According to the Population and Housing Census (PHC), the total population of this country 
is about 158 million in 2011 (Berglee, 2012). Bangladesh is a developing country and 
overpopulated with 31% of the population in peri-urban and rural areas living below the 
poverty line (National Institute of Population Research Training - NIPORT/Bangladesh et al., 
2013). 
 
India 
India is a country in South Asia that lies entirely on the Indian Plate in the northern portion of 
the Indo-Australian Plate and the seventh largest country by area in the world with a total 
land area of 3,287,263 square kilometres (International Institute for Population Sciences - 
IIPS/India and Macro International, 2007). The population of India rose from 361 million in 
1951 to 1,028 million in 2001, nearly tripling in size (International Institute for Population 
Sciences - IIPS/India and Macro International, 2007). It is a developing country and currently 
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has one of the 10 fastest growing economies in the world (International Institute for 
Population Sciences - IIPS/India and Macro International, 2007). The percentage of the 
population living below the poverty line decreased from 55% in 1973-74 to 36% in 1993-94 
(Central Statistical Organization, 1999). There have been improvements in the past five 
decades in areas of health, demographic behaviour and family planning. However, the 
changes have been considerably slower than in many other Asian countries like China, Japan 
etc. (International Institute for Population Sciences - IIPS/India and Macro International, 
2007) The income of the majority population (approximately 60%) depends on agriculture 
and agriculture related services (Berglee, 2012).  
 
Pakistan 
Pakistan is situated in the north western part of the South Asian subcontinent and covers an 
area of 796,096 square kilometres; it features a diversified terrain and topography (National 
Institute of Population Studies - NIPS/Pakistan and ICF International, 2013). On its east and 
southeast lies India, to the north and northwest is Afghanistan, to the west is Iran, and to the 
south is the Arabian Sea. Pakistan is an agricultural country and about 64% of its population 
lives in rural areas (National Institute of Population Studies - NIPS/Pakistan and ICF 
International, 2013). Agriculture is central to the country’s economic growth and 
development. The population of this country was 184.5 million in 2012-13 which makes it 
the sixth most populated country in the world (National Institute of Population Studies - 
NIPS/Pakistan and ICF International, 2013). Only 50% of the population was literate in 
Pakistan in 2010 (Berglee, 2012). 
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Nepal 
The total land area of Nepal is 147,181 square kilometres, with India to the east, south and 
west and China to the north (Ministry of Health Population - MOHP/Nepal et al., 2012). 
Nepal is rectangular in shape and stretches 885 kilometres in length (east to west) and 193 
kilometres in width (north to south). Topographically, Nepal is divided into three distinct 
ecological zones such as mountain, hill and terai (plains) (Ministry of Health Population - 
MOHP/Nepal et al., 2012). There are five climatic zones and conditions vary substantially by 
altitude. According to the preliminary results of the 2011 Population Census, the population 
of Nepal stands at 26.6 million (Ministry of Health Population - MOHP/Nepal et al., 2012). 
Approximately, one-fourth of the population lives below the poverty line evidenced from the 
2010-2011 Nepal Living Standard survey (Ministry of Health Population - MOHP/Nepal et 
al., 2012). Nepal has a high population growth rate and most of the working population are 
employed in agriculture. Landlocked and a poor country, Nepal struggles for a stable 
government and adequate public services (Berglee, 2012).    
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Under-five mortality in South Asia 
 There has been substantial decline in child mortality in low and middle-income countries in 
the late 20th century; however, child deaths under five years of age remains highest in Sub-
Saharan Africa followed by South Asia (Black, 2003, WHO, 2016). Worldwide, 
approximately 5.9 million children under five years of age died in the year 2015 according to 
World Health Statistics (2016); and under-five mortality rate is 42.5 per 1000 live births 
(WHO, 2016). All the low-income countries in the South Asian region including Bangladesh, 
India, Nepal & Pakistan suffer predominantly from high infant and under-five mortality 
(Hyder et al., 2008). In addressing the millennium development goal 4 (MDG 4) to ensure a 
two-third decline in under-five mortality by 2015, these four countries have made significant 
progress (Figure 3) (Lozano et al., 2011).  
 
Figure 3: Under-five mortality rate per 1000 live births in South Asia for the year 1990, 
2000 & 2015. [Source: (IGME, 2015)] 
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Fuel for cooking in study areas of South Asia 
Globally, more than 3 billion people depend on solid fuels such as wood, animal dung, crop 
residues, charcoal and coal for cooking and heating, and in the case of rural populations 
nearly 90% of rural households use solid fuels for cooking (Desai et al., 2004, Rehfuess et al., 
2011). The majority of the population relying on solid fuels live in Sub-Saharan Africa and 
South Asia (Bonjour et al., 2013). Though there is a great variation in land area and 
population size among countries, a similar population proportion in all South Asian countries 
including Bangladesh, India, Nepal and Pakistan are living in rural areas and approximately 
80% of the population still depend on solid fuels for domestic sources of energy because of 
limited accessibility of clean non-solid fuels (such as electricity, natural gas, LPG). (Bonjour 
et al., 2013, WHO, 2007) (Figure 4) 
 
 
Figure 4: Percentage of population using solid and non-solid fuel in South Asia 
[Source:(WHO, 2010a)] 
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Research case for this thesis 
Indoor air exposure from the combustion of traditional solid fuels is a significant public 
health hazard predominantly affecting poor rural and urban communities in the developing 
countries (Fullerton et al., 2008). It is estimated that approximately 2.9 million annual deaths 
of the global population have been attributed to HAP resulting from indoor smoke from solid 
fuels (GBD Risk Factors Collaborators, 2016). Globally, exposure to indoor smoke from 
solid fuels represents the 1st leading environmental risk factor for deaths compared to other 
factors like unsafe water, sanitation and hygiene (WHO, 2009b). Most South Asian countries, 
despite rapid social and economic development in recent decades, are still considered low and 
middle income countries, where the majority of the population live in rural and low-income 
urban areas in very poor conditions (Engelgau, 2011). Over the past decades, South Asian 
countries including Bangladesh, India, Nepal and Pakistan have achieved enormous 
improvements in public health and economic sectors; however more than 80% of people in 
this region still rely on solid fuels for domestic energy needs (Bloom et al., 2011, Bonjour et 
al., 2013). Besides the high rate of under-five mortality, all countries in this region have made 
substantial progress towards achieving Millennium Development Goal 4 (MDG 4) for 
reducing under-five mortality (Lozano et al., 2011, Wardlaw et al., 2014). 
 
The key focus of this study is to extend the knowledge of HAP and under-five mortality in 
these four South Asian countries by investigating trends, determinants and avoidable burden 
of under-five mortality associated with HAP from the use of cooking fuel in this region, an 
area that has not been studied extensively using nationally representative data survey. This 
thesis utilises national demographic and health information from a series of routinely 
collected Demographic and Health Survey (DHS) data covering South Asian countries: 
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Bangladesh, India, Nepal and Pakistan. These data sets are combined for the examination of 
trends in under-five mortality correlated with HAP, and for comparative analyses between 
countries to identify country-specific effect modifiers that are common across different 
cultural contexts. Previous studies have been conducted on HAP and under-five mortality; 
however, none have considered trends and determinants of under-five mortality associated 
with HAP over time, or the role of environmental and behavioral factors that might affect the 
level of exposure to use of cooking fuel. Previous studies also haven’t considered the 
attributable and avoidable burden of under-five mortality associated with HAP in national 
level in the context of previous intervention studies that have shown effective reductions in 
exposure to HAP.   
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Structure of thesis 
This thesis is structured in ten chapters. Having presented the relevant background including 
an overview of HAP and health, an overview of the study area and research case for this 
thesis in Chapter One, Chapter Two proceeds with a detailed literature and systematic 
review of previous studies. Chapter Three provides the rationale and objectives for this 
thesis and detailed research methods are presented in Chapter Four. The impact of HAP 
from the use of cooking fuel on under-five mortality in Bangladesh, India, Pakistan and 
Nepal is examined in Chapters Five, Six, Seven & Eight respectively. Chapter Nine 
presents the attributable risk and potential impact of interventions to reduce HAP associated 
with under-five mortality in South Asia. Finally, a summary of findings, methodological 
critique, implications and recommendations are presented in Chapter Ten.  
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Chapter two  
Systematic review of previous studies 
 A systematic review and meta-analysis was conducted of all previous population based 
studies related to HAP from cooking fuel and its impact on morbidity and mortality outcomes 
among young children in the global population for the period across 1990-2016. 
 
Synopsis  
Exposure to HAP resulting from the combustion of solid fuels is a risk factor for the 
development of acute respiratory infections in children, which was formally documented as 
early as 1989. Today, globally more than 3 billion people continue to rely on solid fuels for 
their everyday cooking and heating (Rehfuess and WHO, 2006) and approximately 2.9 
million annual deaths on global population have been attributed to HAP (GBD Risk Factors 
Collaborators, 2016). A systematic review and meta-analysis was conducted in this Chapter 
using relative risk estimates extracted from identified studies was stratified by age of child, 
country, region and other contextual factors to identify the association between HAP from 
cooking fuel and mortality and morbidity among children under-five. The findings of this 
systematic review showed that the overall summary relative risk for under-five mortality 
from the use of polluting fuel for cooking was RR=1.52 and the overall summary relative risk 
for non-fatal respiratory diseases associated with cooking fuel was RR=1.45. This review 
also found the risk of under-five mortality was higher in African countries compare to the rest 
of the world.  
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Introduction 
The largest health impacts from HAP worldwide occur among the poorest and most 
vulnerable populations in the developing world, especially women and young children, given 
the often domestic role of women in poor rural and urban communities (Martin II et al., 2014, 
Rehfuess et al., 2011). Women are predominantly responsible for cooking in most developing 
societies and young children who accompany their mothers during cooking are also exposed 
to smoke from solid fuel use, often in situations where fuel is burnt indoors in open fires in 
poor functioning stoves (Martin II et al., 2014, Rehfuess et al., 2011). Moreover, the high 
price of clean fuel, such as liquefied petroleum gas (LPG), increases the use of solid biomass 
fuel in low income developing countries (Martin II et al., 2014). 
 
Based on available but limited data, it has been estimated that globally 13% of annual deaths 
of children under five have been attributed to HAP (WHO, 2014a). HAP from cooking fuel is 
mostly associated with a risk of acute lower respiratory infections (ALRI) including 
pneumonia among young children, which is one of the leading causes of child death (Smith et 
al., 2000, Walker et al., 2013). Recent World Health Organization (WHO) estimates suggest 
that ALRI accounts for 12% of the global burden of disease from HAP (WHO, 2014a, Smith 
et al., 2014). Children aged less than 5 years spent many hours inhaling indoor smoke which 
doubles the risk of developing pneumonia and other respiratory infections (Rehfuess and 
WHO, 2006, Smith and Mehta, 2003).  
 
Several studies have identified HAP from unprocessed solid fuels as the cause for increased 
risk of respiratory diseases among children (Rinne et al., 2007). Previous systematic reviews 
and meta-analyses have reviewed the risk of acute respiratory infections, low birth weight, 
and stillbirth in children related with HAP (Bruce et al., 2013, Jackson et al., 2013, Kirkwood 
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et al., 1995, Pandey et al., 1989, Po et al., 2011, Pope et al., 2010, Smith et al., 2000). Only 
one study has previously reviewed all-cause mortality (and other child health outcomes) and 
HAP (Bruce et al., 2013). However, these previous studies focussed on all types of household 
air pollution, not exclusively exposure from cooking fuel (a key modifiable exposure), and 
did not consider country and region-specific differences, age-specific differences or outcome 
specific differences. This present review investigates these age and regional variations in 
associations between HAP and child health outcomes, and incorporates evidence from the 
most recently published studies. 
 
Methods  
Information sources and search 
A number of keywords were used to conduct a systematic review of the literature on (i) fatal 
and (ii) non-fatal respiratory outcomes among young children associated with HAP. To 
identify child mortality related studies, the first group of terms included “household air 
pollution”, “indoor air pollution”, “pollution from cooking fuel”, “pollution from biomass 
fuel use” and “pollution from solid fuel use”, and the second group of terms included “child 
mortality” and “children under-five mortality”. To narrow the search based on geographical 
location a third criterion was used where the search terms were “developing countries” or 
“Southeast Asia” or “South Asia” or “Africa”. Studies of non-fatal respiratory outcomes 
among young children less than five years of age, were based on the same terms as above, but 
were combined with the terms “respiratory infections”, “acute respiratory infections”, “acute 
lower respiratory infections”, “acute upper respiratory infections”, “respiratory symptoms 
(chest pain, cough, sore throat)”, “respiratory illness (bronchiolitis, asthma, pneumonia)”, 
“pneumonia” and “severe pneumonia”. Similar to studies of mortality, additional terms 
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included “young children” or “children under-five” or children less than five years of age” 
and the same geographical location based search terms as above. For both mortality and 
morbidity outcomes, searches were also conducted omitting the last search criterion for 
geographic location to include global or international comparative studies. Searches were 
carried out in Medline (1960 to February 2015), PubMed (1963 to February 2015) and 
Google Scholar. In addition, secondary searches of bibliographies of relevant articles were 
also conducted. Additional searches were also conducted using Google for newspaper 
articles, unpublished studies, conference presentations and for country-specific and global 
reports on HAP and child health outcomes. 
 
 
Eligibility criteria 
Studies were included in the review based on the following criteria: (a) under-five  mortality 
was the outcome for child mortality related studies; (b) any type of clinically diagnosed or 
self-reported non-fatal respiratory diseases among children under-five was the outcome for 
morbidity related studies; (c) the main exposure was type of cooking fuel; (d) studies were 
population-based; (e) any type of epidemiological study design that involved a comparison 
between polluting and non-polluting cooking fuel (either individual-level case-control study, 
cohort study, cross-sectional study; or aggregate study); (f) articles that were published in a 
peer-reviewed journal between 1960 to February 2015; and (g) articles written in the English 
language or articles in a language other than English where relevant data could be extracted 
from the abstract.  
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Selection of studies 
Based on the PRISMA 2009 guidelines, Figure 5 & 6 demonstrate the steps followed and the 
number of studies found in each step of the review.  
 
Duplicates found from multiple database searches were removed from the total number of 
search results. Articles were then screened based on title and abstract and studies not 
fulfilling the inclusion criteria were excluded. The remaining articles were selected for full-
text review. After reviewing the text, studies were excluded if the outcome was not a measure 
of child mortality for mortality related studies; the outcome was not a measure of  non-fatal 
respiratory diseases among children for morbidity related studies; the study related to age-
groups outside the range of 0-4 years; the household air pollution exposure was not a form of 
cooking fuel; and there was no available data for comparative analysis between exposed 
(polluting fuels) and non-exposed (non-polluting fuels) groups.  
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Figure 5: Study selection flow chart for studies of under-five mortality based on 
PRISMA 2009 guidelines 
 
 
 
 
 
 
 
2,554 results found from Medline, Pub Med, 
Google Scholar, reference list and other sources 
2,343 records after duplicate 
removed 
2,343 articles screened for title and abstract 
review 
2,310 articles excluded due to lack 
of relevance 
33 full‐text articles assessed for eligibility 
23 full‐text articles excluded: 
In 14 studies, outcome was not child 
mortality 
In 5 studies, exposure was not cooking fuel 
In 4 studies, reported data from age groups 
outside study range 
In 1 studies, not enough data for comparison 
10 studies included in systematic review and  
Meta‐analysis 
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Figure 6: Study selection flow chart for studies of non-fatal respiratory outcomes among 
children under five years based on PRISMA 2009 guideline 
 
 
Data extraction and data items 
 The key variables extracted from mortality and morbidity studies included: country of study, 
study design, sample size, age group, outcome, exposure, potential confounders and effect 
size of the study (Table 1 & 2).  
 
2,764 results found from Medline, Pub Med, 
Google Scholar, reference list and other sources 
2,536 records after duplicate 
removed 
2,536 articles screened for title and abstract 
review 
2,471 articles excluded due to lack 
of relevance 
65 full‐text articles assessed for eligibility 
43 full‐text articles excluded: 
In 12 studies, outcome was not non‐fatal 
respiratory diseases among children  
In 15 studies, exposure was not cooking fuel 
In 10 studies, reported data from age groups 
outside study range 
In 6 studies, not enough data for comparison 
22 studies included in systematic review and  
Meta‐analysis 
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In the analyses of this present review, child deaths were categorised into three age-groups 
where possible, including neonatal mortality for studies reporting child deaths aging between 
0-28 days, infant mortality for reported age between 0-11 months and under-five mortality for 
reported age ranging 0-59 months for mortality outcomes. Non-fatal respiratory outcomes 
were defined as “clinical diagnosed non-fatal respiratory diseases” or “self-reported non-fatal 
respiratory diseases”. The main exposure variable was ‘type of cooking fuel’, identified from 
studies defining exposed groups as ‘polluting fuels’ (wood, dung, coal or paraffin) or ‘solid 
fuels’ (coal/coke/lignite, firewood, dung, crop residue) or ‘biomass fuels’ (wood, dung, crop 
residue) or ‘high HAP group fuels’ (coal/lignite, charcoal, firewood/straw) or ‘high polluting 
fuels’ (wood, dung, straw) or ‘medium polluting fuels’ (kerosene or charcoal). Non-exposed 
groups included ‘clean fuels’ (LPG/natural gas or electricity) or ‘non-solid fuels’ (kerosene, 
gas/natural gas, biogas) or ‘low HAP group fuels’ (electricity, LPG/natural gas, kerosene) or 
‘gases’ (LPG, natural gas, biogas). Kerosene was included both within the ‘clean’ fuel group 
and ‘polluting’ fuel group in different studies.  Relative measures of effect, either relative risk 
(RR), odds ratio (OR) or hazard ratio (HR), and their 95% of confidence intervals (CI) were 
extracted from the studies.  
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Table 1: Population-based studies investigating the association between HAP and mortality among children under-five years of age 
Study ID Country Study Design 
Sample 
size (N/n) * Age-group Potential Confounders Outcome Exposure Measure of Association 
Rehfuess et al., 2009   16 African 
countries 
 
cross-
sectional 
 
30365/ 
207 
 
0-59 
months 
 
Sex of child, geographic 
location, wealth index, maternal 
education, cooking stove 
ventilation, cooking location 
  
ALRI mortality Exposure from solid 
fuel use 
HR=2.35 (95% CI 1.22-4.52) 
Rinne et al., 2007   Ecuador cross-
sectional 
212/ 2 0-11  
months 
SES, mother's education, 
smoking in the home, no. of 
people in the household. 
 Infant mortality Exposure from biomass 
fuel use 
OR=2.20 (95% CI 1.10-4.10) 
Tielsch et al., 2009    India Cohort 
study 
12936/ 
615 
0-28 
days 
Maternal age, place of delivery, 
religion, roof material, maternal 
education, no. of children<5 yrs. 
in household, landowner, home 
electricity, ownership of radio 
or television 
Neonatal mortality Exposure from solid 
fuel(wood or dung) use 
RR=1.17 (95% CI 0.70-1.96) 
    0-6 
months 
 0-6 months mortality  RR=1.21 (95% CI 0.79-1.84) 
Bassani et al., 2010   India 
 
Case-
control 
 
482763/ 
3564 
 
1-59 
months 
 
Place of residence, education 
head of household, religion, 
living conditions, type of house, 
water and latrine facilities 
Child mortality 
(male) 
Exposure from solid 
fuel use 
OR=2.03 (95% CI 1.75-2.36) 
  Child mortality 
(female) 
Exposure from solid 
fuel use 
OR=2.27 (95% CI 1.97-2.61) 
Pandey et al., 2013   India cross-
sectional 
34472/ 
4622 
0-59 
months 
Mother's age, age at birth of 1st 
child, parents education, mother 
works, religion, wealth index, 
window, place of residence 
Child mortality Exposure from solid 
fuel use 
OR=1.23 (95% CI 1.06-1.43) 
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Epstein et al., 2013   India 
 
cross-
sectional 
 
14850/ 
1441 
 
0-28 
days 
 
Sex, maternal Education, place 
of delivery, place of residence, 
mother's religion, region, 
maternal smoking, maternal age, 
type of house, BMI of mother, 
birth weight   
Neonatal deaths Exposure from kerosene 
fuel use 
OR=2.31 (95% CI 1.01-5.29) 
  Neonatal deaths Exposure from biomass 
fuel use 
OR=1.56 (95% CI 0.82-2.44) 
  Neonatal deaths Exposure from coal fuel 
use 
OR=7.55 (95% CI 4.24-34.12) 
Wichmann et al., 
2006  
 
South 
Africa 
cross-
sectional 
3675/ 
142 
1-59 
months 
Sex of child, age of child, birth 
order, mother's age at birth, 
birth interval, breastfed, toilet, 
water source, asset index, 
person per room, nutritional 
status, year of birth 
1-59 months old 
mortality 
Exposure from polluting 
fuel (wood, dung, coal, 
paraffin) use 
OR=1.99 (95% CI 1.04-3.68) 
Kashima et al., 2010  Indonesia 
 
cross-
sectional 
 
15242/ 
535 
 
0-28 
days 
Mother’s age, mother’s 
education, mother’s smoking, 
sex of child 
Neonatal mortality Exposure from high 
group fuel (coal or 
lignite, firewood or 
straw ) use in rural area 
OR=1.05 (95% CI 0.72-1.54) 
 0-28 
days 
Neonatal mortality Exposure from high 
group fuel use in urban 
area 
OR=1.29 (95% CI 0.75-2.24) 
 0-11 
months 
Infant mortality Exposure from high 
group fuel use in rural 
area 
OR=1.30 (95% CI 1.00-1.69) 
 0-11 
months 
 Infant mortality Exposure from high 
group fuel use in urban 
area 
OR=1.47 (95% CI 0.92-2.33) 
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Ezeh et al., 2014  
 
Nigeria cross-
sectional 
30726/ 
2615 
0-28 
days 
Residence type, wealth index, 
mother’s education, mother’s 
working status, breastfeeding 
status, kitchen location 
Neonatal mortality Exposure from solid 
fuel use 
HR=1.01 (95% CI 0.73-1.26) 
 1-11 
months 
Post-neonatal 
mortality 
Exposure from solid 
fuel use 
HR=1.92 (95% CI 1.42-2.58) 
 12-59 
months 
Child mortality Exposure from solid 
fuel use 
HR=1.63 (95% CI 1.09-2.42) 
Kleimola et al., 2015  47 study 
countries 
Cross-
sectional 
774638/ 
23067 
0-28 
days 
Maternal education, mother’s 
age at childbirth, maternal 
cigarette smoking, birth order, 
sex of child, wealth index, place 
of residence 
Neonatal mortality Exposure from solid 
fuel use 
RR=1.24 (95% CI 1.14-1.34) 
   751571/ 
41604 
1-59 
months 
 Child mortality Exposure from solid 
fuel use 
RR=1.21 (95% CI 1.12-1.30) 
Note: *N=total sample size and n= number of deaths 
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Table 2: Population-based studies investigating the association between HAP and non-fatal respiratory outcomes  
Study ID Country Study 
Design 
Sample 
Size (N/n) a 
Age-
group 
Potential confounders Outcome b Exposure Measure of Associations 
Collings et al., 
1990  
Zimbabwe case-
control 
744/244 1-35 
months 
Sex, place of residence, father's 
job, birth weight, children still 
breastfeeding, overcrowded 
home, maternal smoking 
ALRI Exposure from wood 
smoke 
OR=2.16 (95%CI 1.42-3.36) 
Morris et al., 1990  USA (Native 
American) 
case-
control 
116/58 0-24 
months 
Cigarettes in home, pets in home, 
family history of asthma, no of 
people in home, floor material 
respiratory illness Exposure from wood 
burning stove 
OR=4.85 (95%CI 1.69-12.91) 
Johnson et al., 
1992  
Nigeria case-
control 
103/77 0-59 
months 
Child age, nutritional status, 
cigarette smoking, crowding, 
location of kitchen 
ALRI Exposure from kerosene 
or wood smoke 
OR=3.12 (95%CI 1.01-11.51) 
Robin et al., 1996  USA (Native 
American) 
case-
control 
90/45 1-24 
months 
Age of child, only male children, 
home characteristics, primary 
caretaker, distance from the 
clinic, problem with 
transportation to the clinic, 
anyone smoke in the house 
ALRI Exposure from any wood  OR=1.40 (95%CI 0.60-3.28) 
Broor et al., 2001  India case-
control 
512/201 0-59 
months 
Age of child, sex of child, 
mother's and father's age and 
education, family history of 
respiratory diseases, lack of 
breastfeeding, immunization, 
severe malnutrition, house 
material, no. of children at home 
ALRTI Exposure from cooking 
fuel other than LPG 
OR=2.51 (95%CI 1.51-4.16) 
Mahalanabis et 
al., 2002  
India case-
control 
262/127 2-35 
months 
Age of child, sex of child, 
parents education, family size, 
economic status, no. Of siblings, 
malnourished, breastfed, history 
of asthma in the children, keep 
large animals 
Pneumonia Exposure from solid fuel 
use 
OR=3.97 (95%CI 2.00-7.88) 
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Kumar et al., 
2004   
India case-
control 
100/50 2-59 
months 
Place of residence, immunization 
status, family characteristics, 
mother's education, father's 
smoking status, separate kitchen 
Severe pneumonia Exposure from biomass 
fuels 
OR=2.67 (95%CI 1.19-5.95) 
Mishra et al., 2003  Zimbabwe 
  
cross-
sectional 
  
3559/ 3269 
  
0-59 
months 
  
Age of child, sex of child, 
birth order, nutritional status of 
child, mother's age at childbirth, 
mother's education, mother's 
religion, household standard of 
living, place of residence, region 
  
ARI Exposure from high 
polluting fuels (wood, 
dung, straw) 
OR=2.20 (95%CI 1.16-4.19) 
  ARI Exposure from medium 
polluting fuels (kerosene 
or charcoal) 
OR=1.33 (95%CI 0.64-2.77) 
Mishra et al., 2005  India 
  
cross-
sectional 
  
29768/ 
27095 
  
0-35 
months 
  
Age of child, sex of child, birth 
order, nutritional status of child, 
mother's age at child birth, 
mother's education, religion, 
caste, house type, separate 
kitchen, standard of living, 
residence, region 
  
ARI Exposure from biomass 
fuels 
OR=1.58 (95%CI 1.28-1.95) 
 ARI Exposure from mix fuels 
(biomass and clean) 
OR=1.41 (95%CI 1.17-1.70) 
Wichmann et al., 
2006 
 
South Africa cross-
sectional 
4679/889 0-59 
months 
Age of child, sex of child, birth 
order, no. Of children per 
household, mother's age at child 
birth, mother's education, ethnic 
identity, household standard of 
living, place of residence 
ALRI Exposure from polluting 
fuels (wood, dung, 
paraffin, charcoal) 
OR=1.27 (95%CI 1.05-1.55) 
Khalequzzaman et 
al., 2007  
Bangladesh case-
control 
116/65 0-59 
months 
mother's age,  education,  
occupation,  household monthly 
income, family size, ventilation 
facilities in the kitchen, frequency 
of cooking, fuel cost, sleeping in 
the cooking room, having 
children beside their mothers 
during cooking, tobacco smoke 
indoor 
Respiratory diseases 
(bronchiolitis, 
asthma, pneumonia) 
Exposure from biomass 
fuels 
OR=2.50 (95%CI 0.50-16.3) 
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Rinne et al., 2007  Ecuador 
  
cross-
sectional 
  
212/106 
  
0-59 
months 
  
SES, child age, child sex, 
mother's education, smoking in 
the home, no. Of people in the 
household. 
  
Respiratory 
symptoms cough 
Exposure from biomass 
fuels 
OR=1.20 (95%CI 0.90-1.80) 
  Respiratory 
symptoms sore 
throat 
Exposure from biomass 
fuels 
OR=1.30 (95%CI 0.90-1.80) 
Tielsch et al., 
2009  
India Cohort 11728/ 1941 0-6 
months 
Maternal age, night blindness in 
pregnancy, place of delivery, 
religion, roof material, maternal 
education, no. Of children<5 yrs. 
in household, landowner, 
electricity in home, ownership of 
radio or television 
ARI Exposure from biomass 
fuels 
OR=1.34 (95%CI 1.09-1.64) 
Bautista et al., 
2009  
Dominican 
Republic 
Cohort 415/201 0-23 
months 
Child age, child sex, 
birth weight, no. and ages of 
siblings, mother's age, crowding, 
breastfeeding, nutritional status, 
socioeconomic status , previous 
episodes of acute respiratory 
infection, passive smoking 
ALRI Exposure from charcoal 
smoke 
OR=1.38 (95%CI 1.06-1.81) 
Kashima et al., 
2010 
Indonesia 
  
  
  
cross-
sectional 
  
  
  
15242/ 5053 
  
  
  
0-59 
months 
  
  
  
Child sex, Mother's education, 
partner's occupation, mother's 
smoking 
  
  
  
AURI Exposure from high group 
fuels (coal, charcoal, 
firewood) in rural areas 
OR=1.08 (95%CI 0.94-1.24) 
 AURI Exposure from high group 
fuels (coal, charcoal, 
firewood) in urban areas 
OR=0.74 (95%CI 0.59-0.92) 
 ALRI Exposure from high group 
fuels (coal, charcoal, 
firewood) in rural areas 
OR=1.09 (95%CI 0.89-1.34) 
 ALRI Exposure from high group 
fuels (coal, charcoal, 
firewood) in urban areas 
OR=0.93 (95%CI 0.67-1.30) 
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Khalequzzaman et 
al., 2011  
Bangladesh cross-
sectional 
102/89 0-59 
months 
Education, mother's age, monthly 
income, no. Of rooms, sleeping in 
the cooking room, cooking hours, 
main roof, wall and floor material 
of house, main wall, roof and 
floor material of kitchen, no. Of 
family members per room, 
location of kitchen 
Respiratory 
symptoms 
Exposure from biomass 
fuels 
IRR=1.63 (95%CI 1.62-1.64) 
Murray et al., 
2012 
Bangladesh Cohort 6079/ 1291 0-59 
months 
sex of child, age of child, 
mother's age, maternal education, 
maternal employment status, 
monthly household income, 
housing construction materials, 
household crowding 
ALRI Exposure from biomass 
fuels 
OR=1.05 (95%CI 0.87-1.27) 
Ramesh et al., 
2012 
India case-
control 
202/101 0-59 
months 
Mother's education, socio-
economic status, immunisation 
status, malnutrition 
ALRTI Exposure from cooking 
fuel other than LPG 
OR=4.73 (95%CI 1.67-13.45) 
Janjua et al., 
2012   
Pakistan cross-
sectional 
566/256 0-59 
months 
Sex of child, age of child, 
duration of exclusive 
breastfeeding, mother’s age, 
maternal anaemia, household 
density, child accompanies, 
environmental tobacco, wealth 
index, type of house, nutritional 
status, kitchen location 
ARI Exposure from biomass 
fuels 
RR=1.30 (95%CI 1.10-1.50) 
Gurley et al., 2013  Bangladesh Cohort 257/169 0-23 
months 
SES, mother's education, 
crowding, breastfeeding, low 
birth weight, ownership of both 
television and cell phone, tobacco 
smoke indoor 
ALRI Exposure from biomass 
fuels 
IR=1.10 (95%CI 0.74-1.62) 
Bates et al., 2013  Nepal 
  
case-
control 
  
917/452 
  
2-35 
months 
  
Sex, age, ethnic group, rooms in 
home, father's education & work, 
mother's education & work, 
kitchen roof, land ownership, 
daily stove use, child in kitchen 
during cooking, space heating in 
winter, kitchen ventilation 
  
ALRI Exposure from kerosene 
fuel 
OR=2.33 (95%CI 1.40-3.86) 
  ALRI Exposure from biomass 
fuel 
OR=2.13 (95%CI 1.34-3.41) 
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Alemayehu et al., 
2014   
Ethiopia 
  
cross-
sectional 
  
715/188 
  
0-59 
months 
  
Sex of child, age of child, birth 
order, nutritional status, mother's 
age at child birth, mother's 
education, religion, living index, 
separate kitchen, window in 
house, children stay while 
cooking 
  
ARI Exposure from high 
polluting fuels (wood, 
dung, straw) 
OR=3.89 (95%CI 1.54-28.25) 
 ARI Exposure from medium 
polluting fuels (kerosene 
or charcoal) 
OR=1.14 (95%CI 0.15-8.85) 
Note: a N=total sample size and n= number of cases with respiratory symptoms; b ALRI: acute lower respiratory infection, ALRTI: acute lower respiratory 
tract infection, ARI: acute respiratory infection, AURI: acute upper respiratory infection. 
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Synthesis of results and analysis 
Pooled relative risk estimates were estimated from random effects meta-analysis using the 
inverse variance method (DerSimonian-Laird) with between study heterogeneity assessed 
using the I2 statistic. Adjusted relative risk estimates were used for the meta-analysis based on 
models adjusted for potential confounders identified by the authors. If adjusted estimates 
were not reported, data were extracted to calculate the unadjusted measure of association. 
Meta-analyses of child mortality and morbidity outcomes were conducted separately for 
different countries, different age-groups, geographical region, study design and for different 
non-fatal respiratory outcomes identified in studies. Post hoc sensitivity analyses were also 
conducted to investigate the influence of specific studies on summary estimates. Meta-
regression was also conducted for respiratory outcomes to investigate the extent to which 
characteristics of study, such as the type of study, outcome measurement and study location, 
contributed to the heterogeneity among the studies. Meta-analyses and meta-regression were 
conducted using the “metan” and “metareg” functions in Stata Version 13.1 (Stata Corp, 
2013). 
 
 
Summary of findings 
Under-five mortality  
A total of 2,554 studies from the year 1960 to present were identified from the initial 
keyword search, and following assessment of title and abstract a sub-group of 33 studies were 
identified for review (Figure 5). Of these 33 studies, 10 studies met the inclusion criteria 
which were the basis of the meta-analysis, representing a total sample size of 2,151,450 and 
78,414 deaths. Of these ten studies, four studies were from India (Bassani et al., 2010, 
Epstein et al., 2013, Pandey and Lin, 2013, Tielsch et al., 2009), three from Africa (Ezeh et 
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al., 2014, Rehfuess et al., 2009, Wichmann and Voyi, 2006) one from Indonesia (Kashima et 
al., 2010), one from Ecuador (Rinne et al., 2007) and one from 47 countries of world 
(Kleimola et al., 2015). Eight studies were case-control studies where cases and non-cases 
were identified from cross-sectional population health survey data (Epstein et al., 2013, 
Kashima et al., 2010, Kleimola et al., 2015, Pandey and Lin, 2013, Rehfuess et al., 2009, 
Rinne et al., 2007, Wichmann and Voyi, 2006), one was a case-control study (Bassani et al., 
2010) and one was a prospective cohort study (Tielsch et al., 2009).  
 
The overall summary relative risk for mortality among children under-five years of age from 
the use of polluting fuel was (RR=1.52, 95%CI 1.30-1.77, P<0.001). The highest summary 
relative risk was for Sub-Saharan Africa (RR=2.35, 95%CI 1.22-4.52, P=0.011), followed by 
Ecuador (RR=2.20, 95%CI 1.14-4.25, P=0.019), South Africa (RR=1.99, 95%CI 1.06-3.74, 
P=0.033), Nigeria (RR=1.46, 95%CI 0.96-2.21, P=0.079), India (RR=1.62, 95%CI 1.24-
2.11, P<0.001) and Indonesia (RR=1.26, 95%CI 1.05-1.51, P=0.014) (data not shown). The 
relative risk of under-five mortality associated with HAP differed substantially by age-group, 
with a higher relative risk evident for under-five mortality (age between 0-59 months) 
(RR=1.83, 95%CI 1.40-2.39, P<0.001) followed by infant mortality (age between 0-11 
months) (RR=1.52, 95%CI 1.23-1.88, P<0.001), and neonatal mortality (age between 0-28 
days) (RR=1.22, 95%CI 1.14-1.32, P=0.129) (Figure 7). Additionally, a sensitivity analysis 
that examined the influence of the large studies by Pandey et al., (2013), Ezeh et al., (2014) 
and Kleimola et al., (2015) on summary estimates by excluding them from age-specific 
analyses, also showed similar results, with stronger associations evident for under-five 
mortality (0-59 months) (RR=2.12, 95%CI 1.92-2.34, P=<0.001) followed by those aged 0-
11 months (RR=1.37, 95%CI 1.13-1.66, P=0.001) and 0-28 days (RR=1.27, 95%CI 1.01-
1.60, P=0.042) (data not shown).  
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Figure 7: Risk of mortality among children under-five years of age associated with HAP 
by age- group 
Note: RR/OR/HR refers to adjusted/ unadjusted ratio; In study ID column, M= male child, F= female 
child, NM= neonatal mortality, IM= infant mortality, PNM= post-neonatal mortality, CM= child 
mortality, U= urban area, R= rural area, KF= kerosene as fuel and BF= biomass as fuel. 
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Non-fatal respiratory outcomes among children under-five 
A total of 2,764 studies from the year 1960 to present were identified from the initial 
keyword search, and following assessment of title and abstract a sub-group of 65 studies were 
identified for review (Figure 6). Of these 65 studies, 22 studies met the inclusion criteria 
which were the basis of the meta-analysis, representing a total sample size of 76,484 and 
41,967 cases of respiratory infections among young children. Of these 22 studies, 5 studies 
were from the African region (Alemayehu et al., 2014, Collings et al., 1990, Johnson and 
Aderele, 1992, Mishra, 2003, Wichmann and Voji, 2006), 12 studies were from South Asian 
region (Bates et al., 2013, Broor et al., 2001, Gurley et al., 2013a, Janjua et al., 2012, 
Khalequzzaman et al., 2007, Khalequzzaman et al., 2011, Kumar et al., 2004, Mahalanabis et 
al., 2002, Mishra et al., 2005, Murray et al., 2012, Ramesh Bhat et al., 2012, Tielsch et al., 
2009), 2 studies from South America (Bautista et al., 2009, Rinne et al., 2007), 2 studies from 
USA (native American) (Morris et al., 1990, Robin et al., 1996) and 1 study from Southeast 
Asian region (Kashima et al., 2010). The outcome was clinically diagnosed respiratory illness 
in 12 studies (Bates et al., 2013, Bautista et al., 2009, Broor et al., 2001, Collings et al., 1990, 
Gurley et al., 2013a, Johnson and Aderele, 1992, Kumar et al., 2004, Mahalanabis et al., 
2002, Morris et al., 1990, Murray et al., 2012, Ramesh Bhat et al., 2012, Robin et al., 1996) 
and was self-reported in 10 studies (Alemayehu et al., 2014, Janjua et al., 2012, Kashima et 
al., 2010, Khalequzzaman et al., 2007, Khalequzzaman et al., 2011, Mishra, 2003, Mishra et 
al., 2005, Rinne et al., 2007, Tielsch et al., 2009, Wichmann and Voji, 2006). 
 
The overall summary relative risk for non-fatal respiratory outcomes among children aged 
less than five years from the use of polluting fuel for cooking was (RR=1.45, 95% CI 1.29-
1.63, P<0.001). The highest summary relative risk was evident in a US study of native 
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Americans (RR=2.52, 95% CI 0.75-8.51, P=0.136), followed by studies from the African 
region (RR=1.73, 95% CI 1.27-2.36, P=0.001), South Asian (RR=1.58, 95% CI 1.39-1.80, 
P<0.001), South American (RR=1.31, 95% CI 1.09-1.57, P=0.004) and then Southeast Asian 
region (RR=0.96, 95% CI 0.79-1.16, P=0.670) (Figure 9). Country specific summary relative 
risk showed the highest risk for Nigeria (RR=3.12, 95% CI 0.93-10.53, P=0.067) and lowest 
risk for Indonesia (RR=0.96, 95% CI 0.76-1.16, P=0.670) (Figure 8). Outcome specific 
summary relative risks were greater for clinical diagnosed respiratory diseases (RR=2.03, 
95% CI 1.53-2.68, P<0.001) then self-reported respiratory diseases (RR=1.27, 95% CI 1.09-
1.47, P=0.001) (Figure 11).  
 
The majority of heterogeneity (86%) among non-fatal respiratory outcomes studies was 
attributable to differences in study design and geographical location of the study (Table 3). 
Approximately two-thirds of variance was attributable to differences in outcome 
measurement (whether clinical or self-reported) and type of study design (case-control or 
cohort). Regional differences accounted for 49% of variance between studies; however, part 
of this variance (approximately one-third) reflected differences in study design factors by 
region. Adjusted models indicated an additional 35% of variance was attributable to regional 
factors (other than study design factors) reflecting differences in exposures and other country 
specific factors.  
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Figure 8: Risk of non-fatal respiratory infections among children under-five years of 
age associated with HAP by country 
Note: RR/OR refers to adjusted or unadjusted ratio; In study ID column, HPF= high polluting fuel, MPF= 
medium polluting fuel, MF= mix fuels (biomass and clean), KF= kerosene as fuel and BF= biomass as fuel; C= 
cough (respiratory symptoms), ST= sore throat (respiratory symptoms), AURI= acute upper respiratory 
infection and ALRI= acute lower respiratory infection; R= rural area and U= urban area.  
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Figure 9: Risk of non-fatal respiratory infections among children under-five years of 
age associated with HAP by geographical region 
Note: RR/OR refers to adjusted or unadjusted ratio; In study ID column, HPF= high polluting fuel, 
MPF= medium polluting fuel, MF= mix fuels (biomass and clean), KF= kerosene as fuel and BF= 
biomass as fuel; C= cough (respiratory symptoms), ST= sore throat (respiratory symptoms), AURI= 
acute upper respiratory infection and ALRI= acute lower respiratory infection; R= rural area and U= 
urban area.  
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Figure 10: Risk of non-fatal respiratory infections among children under-five years of 
age associated with HAP by study design 
Note: RR/OR refers to adjusted or unadjusted ratio; In study ID column, HPF= high polluting fuel, 
MPF= medium polluting fuel, MF= mix fuels (biomass and clean), KF= kerosene as fuel and BF= 
biomass as fuel; C= cough (respiratory symptoms), ST= sore throat (respiratory symptoms), AURI= 
acute upper respiratory infection and ALRI= acute lower respiratory infection; R= rural area and U= 
urban area.  
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Figure 11: Risk of non-fatal respiratory infections among children under-five years of 
age associated with HAP by outcomes 
Note: RR/OR refers to adjusted or unadjusted ratio; In study ID column, HPF= high polluting fuel, 
MPF= medium polluting fuel, MF= mix fuels (biomass and clean), KF= kerosene as fuel and BF= 
biomass as fuel; C= cough (respiratory symptoms), ST= sore throat (respiratory symptoms), AURI= 
acute upper respiratory infection and ALRI= acute lower respiratory infection; R= rural area and U= 
urban area.  
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2.16 (1.42, 3.36)4.85 (1.69, 12.91)3.12 (1.01, 11.51)1.40 (0.60, 3.28)2.51 (1.51, 4.16)3.97 (2.00, 7.88)2.67 (1.19, 5.95)1.38 (1.06, 1.81)1.05 (0.87, 1.27)4.73 (1.67, 13.45)1.10 (0.74, 1.62)2.33 (1.40, 3.86)2.13 (1.34, 3.41)2.03 (1.53, 2.68)
2.20 (1.16, 4.19)1.33 (0.64, 2.77)1.58 (1.28, 1.95)1.41 (1.17, 1.70)1.27 (1.05, 1.55)2.50 (0.50, 16.30)1.20 (0.90, 1.80)1.30 (0.90, 1.80)1.34 (1.09, 1.64)1.08 (0.94, 1.24)0.74 (0.59, 0.92)1.09 (0.89, 1.34)0.93 (0.67, 1.30)1.63 (1.62, 1.64)1.30 (1.10, 1.50)3.89 (1.54, 28.25)1.14 (0.15, 8.85)1.27 (1.10, 1.47)
RR/OR (95% CI)
  1.5 5 10 20
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Table 3: Proportion of variance estimates by outcome measure, study design and by 
region for non-fatal respiratory outcome studies 
  Univariate analysis Multivariate analysis 
Study factors a 
N  (no. of 
observations) b 
 Adjusted 
R2 (%) I2 (%) 
N (no. of 
observations) 
Adjusted R2 
(%) 
(cumulative)  I2 (%) 
Type of outcome 
measure 
31 23.9 84.3 31 23.9 84.3 
Type of study design 31 63.34 80.8 31 61.45 81.28 
Geographical region 31 49.29 67.4 31 85.65 44.27 
Note: a In study factors column, outcome measure divided into two groups: clinical diagnosed and 
self-reported respiratory infections; study design divided into three groups: case-control, case-control 
(studies from cross-sectional population health surveys) and cohort study; geographical region divided 
into five groups: Africa, South America, South Asia, South-east Asia and USA; b Total no. of 
observation. 
 
 
 
Discussion 
Exposure to household cooking fuel was associated with an overall increased risk of non-fatal 
respiratory diseases of approximately 45% and increased risk of under-five mortality of 
approximately 50%. Stronger associations were evident in African countries for under-five 
mortality (Ezeh et al., 2014, Rehfuess et al., 2009, Wichmann and Voyi, 2006) and for non-
fatal respiratory illness among children less than five (Alemayehu et al., 2014, Collings et al., 
1990, Johnson and Aderele, 1992, Mishra, 2003, Wichmann and Voji, 2006) compared to 
other developing contexts (Bassani et al., 2010, Epstein et al., 2013, Kashima et al., 2010, 
Pandey and Lin, 2013, Rinne et al., 2007, Tielsch et al., 2009). Almost two-thirds of the 
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variation between studies could be attributed to differences in study design and outcome 
measurement.  
 
There are a number of methodological considerations to be taken into account when 
interpreting these findings. Firstly, the categorisation of cooking fuel differed across studies 
and is a likely source of misclassification bias. Kerosene was included in the ‘polluting’ fuel 
group in some studies and in the ‘non-polluting’ fuel group in others, misclassification which 
is likely non-differential by outcome and associated with an under-estimate of the association 
between cooking fuel and under-five mortality. For this reason, in some cases, children were 
treated as exposed to kerosene (Epstein et al., 2013, Wichmann and Voyi, 2006) while in 
other cases were treated as not exposed (Bassani et al., 2010, Kashima et al., 2010, Rehfuess 
et al., 2009). However, in both instances (exposed/non-exposed to kerosene) a strong 
association was found between exposure from cooking fuel and under-five mortality. In the 
study from India that investigated separate types of cooking fuel, kerosene showed a stronger 
association (OR=2.32; 95% CI: 1.01-5.29) than biomass (OR=1.56; 95% CI: 0.82-2.44) and a 
weaker association than for coal (OR=7.55; 95%CI: 4.24-34.12) (Epstein et al., 2013). 
Misclassification in the outcome may also be evident due to slightly different definitions of 
child age-group categories (neonatal, infant, under-five mortality) across studies. This was 
the rationale for main analyses focussing on the aggregated age group of under five years 
(with secondary analyses investigating sub-groups). The analysis found stronger associations 
in studies based on clinically diagnosed respiratory illness compared to self-reported 
respiratory illness among children which are more prone to misclassification. 
 
Secondly, publication bias should also be considered given that our review was based on 
published literature (with secondary searching of bibliographies). Publication bias is a form 
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of selection bias, where small studies with a negative or null association results are less likely 
to be published (Thornton and Lee, 2000), with the resultant estimate in the present study 
perhaps an overestimate of the association between HAP and under-five mortality. 
Publication bias was minimised in the present review by ensuring broad keyword search 
criteria, and the use of secondary searches of bibliographies.  
 
The summary analysis for non-fatal outcomes stratified by study design showed stronger 
associations for case-control studies involving enumeration of a case series from a hospital or 
the community, with subsequent matching of controls (Bates et al., 2013, Broor et al., 2001, 
Collings et al., 1990, Johnson and Aderele, 1992, Khalequzzaman et al., 2007, Kumar et al., 
2004, Mahalanabis et al., 2002, Morris et al., 1990, Ramesh Bhat et al., 2012, Robin et al., 
1996) than for case-control studies conducted from population health surveys (Alemayehu et 
al., 2014, Janjua et al., 2012, Kashima et al., 2010, Khalequzzaman et al., 2011, Mishra, 
2003, Mishra et al., 2005, Rinne et al., 2007, Wichmann and Voji, 2006)  and cohort studies 
(Bautista et al., 2009, Gurley et al., 2013a, Murray et al., 2012, Tielsch et al., 2009). 
Confounding of the association between HAP and under-five mortality and respiratory illness 
among children under-five was minimised by having clear inclusion criteria relating to higher 
quality observational studies, that is, population-based studies and objective measure of 
outcomes, with adjusted measures of effect being included in analyses where possible.  
 
Despite these methodological issues, findings from the present review suggest that HAP 
increases the risk of respiratory illness among children under-five years and under-five 
mortality, and overall effects were consistent with previous meta-analyses of non-fatal and 
fatal outcomes (Bruce et al., 2013, Dherani et al., 2008). This review also showed differences 
by age group and by region, and incorporated a quantitative assessment of sources of 
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variation associated with study design and outcome measurement. Previous reviews have 
shown that exposure to cooking fuel was associated with increased risk of severe pneumonia 
and pneumonia mortality among young children (Dherani et al., 2008). Similar to the present 
review, other reports have also found that Sub-Saharan Africa and South Asia are areas 
where child health is most affected by HAP (Rehfuess et al., 2011). 
 
 
It is also important to note, that even though the magnitude of the association between HAP 
and under-five mortality is not large (overall RR~1.5), the population exposed to HAP in 
developing countries context is substantial. Globally, three billion people still rely on solid 
fuel for cooking and heating (Rehfuess and WHO, 2006) and so the attributable risk of HAP 
on child mortality is also likely to be large. Several intervention studies have shown that the 
use of improved cooking stoves, increased ventilation in housing design and proximity to the 
cooking area, and the provision of access to cleaner and higher-grade fuels have the potential 
to reduce poor child health outcomes associated with HAP (Bruce et al., 2013, Budds et al., 
2001, Ezzati and Kammen, 2002, Mehta and Shahpar, 2004).  
 
 
 
Conclusion 
This present review found a consistent association between HAP and non-fatal respiratory 
diseases and all-cause mortality among children under-five and under-five mortality, 
attributable to unimproved cooking fuels in developing countries. Under-five mortality and 
poor respiratory outcomes in children attributable to HAP is preventable, and interventions 
which afford access to cleaner, affordable and efficient fuels, improvements in infrastructure 
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and housing design, and community education efforts to ensure acceptability and 
sustainability will potentially have large impacts on disease burden associated with HAP.  
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Chapter Three 
Rationale & Objectives 
This chapter provides detailed information on deficiencies in the current literature and 
summaries the rationale and objectives for the thesis. 
 
Synopsis of chapter 
From the systematic review of previous similar studies (Chapter Two), it is well established 
that in South Asian region, very few studies and only from India investigated the association 
between HAP from cooking fuel and under-five mortality. Moreover, globally very few 
studies focused on HAP related child mortality outcomes; most of the studies in the world 
and South Asian region mainly focused on HAP related morbidity outcomes on young 
children. Therefore, the main aim of this thesis is to investigate the association between HAP 
from the use of cooking fuel and under-five mortality in South Asian countries such as 
Bangladesh, India, Nepal and Pakistan. The specific objectives of this thesis and gaps in 
previous literature in this area of research are described in details in this chapter of this thesis. 
A causal directed acyclic graph (DAG) is also drawn for showing the association between 
HAP from the use of cooking fuel and under-five mortality to guide analytic strategy. 
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Deficiencies in the literature  
Globally, numerous observational and experimental studies have reported positive 
associations between HAP from cooking fuel and child health. However, the majority of 
these studies have focused on morbidity outcomes and only a few have investigated impacts 
of HAP on mortality. In South Asian countries such as Bangladesh, India, Nepal and 
Pakistan, several studies have reported a positive association between HAP and health risk of 
young children, however, none have focused on mortality outcomes or considered trends over 
time, particularly in Bangladesh, Nepal and Pakistan. Most of the past studies in these 
countries showing an association with HAP and respiratory diseases among young children 
have been limited to hospital based data (Broor et al., 2001, Collings et al., 1990, Kumar et 
al., 2004, Mahalanabis et al., 2002, Morris et al., 1990, Ramesh Bhat et al., 2012, Robin et 
al., 1996)  or specific regional populations (Alemayehu et al., 2014, Bates et al., 2013, 
Bautista et al., 2009, Gurley et al., 2013a, Janjua et al., 2012, Khalequzzaman et al., 2007, 
Khalequzzaman et al., 2011, Murray et al., 2012, Tielsch et al., 2009), and therefore may not 
be generalizable to national populations or represent the best evidence to guide policy 
responses and recommendations. Only a few studies from India (Bassani et al., 2010, Epstein 
et al., 2013, Pandey and Lin, 2013, Tielsch et al., 2009) investigated the association with 
HAP and child death with other health outcomes. Additionally, no studies have investigated 
the role of key behavioral and environmental factors (such as, breastfeeding status and 
location of kitchen) in association with cooking fuel and under-five mortality in this region. 
Breastfeeding status of children (Arifeen et al., 2001, Black, 2003, Ladomenou et al., 2010, 
Victora et al., 2016)  and location of kitchen in the house (Dasgupta et al., 2006, Gurley et al., 
2013a, Khalequzzaman et al., 2007, Khalequzzaman et al., 2011, Khalequzzaman et al., 2010, 
Rehfuess et al., 2009) might play an important role for decreasing under-five mortality 
associated with HAP. Moreover, no studies estimated the burden of under-five mortality that 
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could be avoidable by eliminating exposure prevalence based on potential interventions from 
previous studies in South Asia context. Therefore, this thesis seeks to address these gaps 
identified in the current and past existing literature on HAP and childhood mortality in South 
Asia as follows: 
 
 To use nationally representative data for analyses in Bangladesh, Nepal, Pakistan and 
India.  
 
 To investigate trends in HAP and its impact on trends in under-five mortality by using 
multilevel models to partition compositional and contextual components of variation 
in routinely collected DHS data sources. No studies have previously been conducted 
in any of these four countries in South Asia that have pooled cross-sectional data sets 
to establish changes over time, or to make cross-national comparisons, in order to 
maximize sample size and investigate sources of cross-national differences and 
commonalities in the determinants of HAP and childhood mortality. 
 
 To systematically evaluate the role of key environmental and behavioral factors of the 
association between use of cooking fuel and under-five mortality that might differ 
across categories of these variables. Specifically, breastfeeding status (ever breastfed 
or not), place of residence (urban-rural) and location of the kitchen (separate kitchen 
used for cooking or not). No studies have investigated the role of these factors in the 
South Asian context, and whether associations are weakened in magnitude among 
women who exclusively breastfeed, and/or whether associations significantly differ 
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by urban and rural regions, and/or differ by use of separate or inside kitchen for 
cooking.  
 
 
 To assess the burden of under-five mortality potentially attributable to HAP exposure 
from use of cooking fuel among the population in South Asia. 
 
 
Conceptualisation of HAP-under-five mortality association 
 
Use of cooking 
fuel (Exposure) HAP
Under-five 
mortality 
(Outcome)
Breastfeeding 
status
Socio-economic 
status
Kitchen location
Other potential 
confounders
 
Figure 12: Causal directed acyclic graph (DAG) for HAP from use of cooking fuel and 
under-five mortality. 
Note: Box indicates effect modification; socio-economic status includes: place of residence, wealth 
index, maternal education and working status, household type and construction materials; other 
potential confounders includes: sex, mother’s age, parity and smoking status of mothers.  
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The hypothesised association between HAP from cooking fuel and under-five mortality is 
shown in the proposed directed acyclic graph (DAG) (Figure 12). The main exposure variable 
in this thesis is use of cooking fuel which causes HAP. HAP is mostly associated with 
respiratory infections among children under-five years of age which is also one of the leading 
causes of child death in the world (Fullerton et al., 2008, Munroe and Gauvain, 2012). The 
main aim of this thesis is to investigate the association between HAP from cooking fuel and 
under-five mortality. Socio-economic status (such as place of residence, household wealth 
index, maternal education and working status, construction material of household etc.) are 
directly associated with both exposure (use of cooking fuel) and outcome (under-five 
mortality), and is considered a potential confounder for this thesis. The location of the kitchen 
(separate kitchen for cooking or not) is also related to socio-economic status and the exposure 
(cooking fuel). A household without a separate kitchen for cooking has previously been 
associated as a proxy measure of a higher level of exposure to HAP, based on proximity to 
polluting fuel (Dasgupta et al., 2006, Gurley et al., 2013a, Khalequzzaman et al., 2011, 
Rehfuess et al., 2009). Additionally, breastfeeding status (ever breastfed or not) is related 
with socio-economic status and the outcome (under-five mortality) in this thesis. 
Breastfeeding in infancy is a protective factor for young children and decreases the risk of 
respiratory tract infections and some other diseases, thereby contributing to reductions in 
childhood mortality (Arifeen et al., 2001, Ladomenou et al., 2010, Victora et al., 2016). 
Children being breastfed are more likely to be protected against respiratory infections and 
other diseases which may lower the risk of mortality associated with HAP. Other potential 
confounders (such as sex of child, parity, maternal age and smoking status) are also included 
which are associated with both exposure and outcome. Details on confounding and effect 
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modification are discussed in more detail in the methodological critique section of Discussion 
chapter (Chapter Ten).  
 
 
Research objectives for the thesis 
The overall aim of this thesis is to investigate the association between HAP from the use of 
cooking fuel and under-five mortality in South Asia. 
 
Accordingly, the specific objectives of this thesis are: 
1. To establish the strength of the association between HAP from the use of cooking fuel 
and under-five mortality in Bangladesh, Nepal, India and Pakistan by using nationally 
representative DHS data. 
 
2. To investigate trends in HAP and its impact on under-five mortality over time in 
South Asia. 
 
 
3. To identify the role of key environmental and behavioral factors (for example, 
breastfeeding status, place of residence and location of the kitchen) that might affect 
the level of exposure to HAP from use of cooking fuel associated with under-five 
mortality in South Asian countries. 
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4. To assess the attributable risk associated with HAP from the use of cooking fuel and 
under-five mortality, and to examine theoretical scenarios assessing the potential 
impact of previous interventions to reduce exposure prevalence related with under-
five mortality in national population of South Asia. 
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Chapter Four 
Research Methods 
This chapter discusses data sources used in this thesis, variables used for analyses, analytical 
strategy for each objective and significance of this study.   
 
Synopsis of chapter 
 This thesis uses most recent and publicly accessible Demographic and Health Survey (DHS) 
datasets with available information on the use of cooking fuel in Bangladesh, India, Nepal 
and Pakistan. Data for this four South Asian countries that are focused in this thesis comprise 
Bangladesh DHS datasets for the year 2004, 2007, 2011 & 2014; India DHS datasets for the 
year 1992-93, 1998-99 & 2005-06; Nepal DHS datasets for the year 2001, 2006 & 2011; and 
Pakistan DHS data for the year 2012-13. This chapter of the thesis provides detailed 
information on data sources for each study country and statement of ethical approval for 
using the datasets. Additionally, the main outcome variable of this thesis is under-five 
mortality which is subdivided into four groups such as neonatal, post-neonatal, child and 
under-five mortality; definition of these outcomes are provided in this chapter. Description of 
the main exposure variable (use of cooking fuel) and other potential confounding variables 
used in the analyses are also discussed in this part of the thesis. The theoretical model and 
analytical strategies used for each objective and study country are provided in this chapter.  
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Data sources 
Demographic and Health Surveys (DHSs) are a nationally representative household survey 
that provide data on fertility, family planning, maternal and child health, nutrition and health 
behaviours, reproductive health, HIV/AIDS and mortality (Corsi et al., 2012); conducted 
mainly in low and middle-income developing countries (Fabic et al., 2012). The DHS project 
is largely funded by the United States Agency for International Development (USAID) with 
support from other donors and host countries (Fabic et al., 2012) and technical assistance is 
provided by Inner City Fund (ICF) international (Corsi et al., 2012). The surveys are usually 
conducted every 3-5 years, and participating countries follow standardised questionnaires, 
manuals, study design and sampling procedures in order to allow comparability across 
different countries. The DHS program is responsible for collecting, summarizing and 
publishing nationally representative data on health and population. More than 300 DHS 
surveys in over 90 countries have been conducted since 1984. Detailed information on DHS 
surveys are available online at the DHS program website (www.dhsprogram.com).  
 
The DHS contains four sets of questionnaires including a household questionnaire, a 
woman’s questionnaire, a man’s questionnaire and a biomarker questionnaire. The household 
and women’s questionnaires of Bangladesh, India, Nepal and Pakistan DHS are used in this 
thesis. The household questionnaire contains information on all household members and 
visitors and their characteristics, such as age, sex, the relationship to the head of the 
household, education and birth registration and also information about facilities in the 
household (for example, the source of drinking water, toilet facilities, cooking fuel etc.). In 
most DHS surveys, women of reproductive age (15-49 years) and men aged 15-49, 15-54 or 
15-59 years were eligible for individual interview. The woman’s questionnaire contains 
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information on background characteristics, reproductive behavior, contraception, antenatal, 
delivery and postnatal care, breastfeeding and nutrition, maternal and child health, 
HIV/AIDS, husband background and other topics. For men, the male questionnaire covers 
similar topics except that it does not contain detail information on reproductive history, 
nutrition or child health. Detailed information on all the questionnaires have been described 
elsewhere (www.dhsprogram.com).  
 
The sample of the DHS is designed generally at the national level, residence (urban-rural) 
level and regional level (departments and/or states). The sample is based on a stratified two-
stage cluster design. In the first stage, enumeration areas (EAs) which are also the primary 
sampling units (PSUs) are selected from the population census files based on the probability 
proportionate to the population size between urban and rural areas, and the household listing 
operation follows in each EA. The required number of households are then selected from this 
updated list in the second stage (Le and Verma, 1997). Details on sampling design are also 
described in detail on the DHS program website (www.dhsprogram.com). 
 
 
Country specific data sources for this thesis 
Bangladesh Demographic and Health Survey (BDHS) data (2004-2011) 
The BDHS is the national demographic and health survey designed to provide information on 
basic national indicators of social progress, including fertility, childhood mortality and cause 
of death, fertility preferences and fertility regulation, maternal and child health, nutritional 
status of mothers and children, awareness and attitudes towards HIV/AIDS, and prevalence 
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of non-communicable diseases (National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2013). This survey has been conducted every three to four years 
since 1993 under the authority of the National Institute of Population Research and Training 
(NIPORT) under the Ministry of Health and Family Welfare. The surveys were implemented 
by Mitra and Associates in Dhaka, Bangladesh with technical assistance from ICF 
international of Calverton, Maryland, USA, as part of its Demographic and Health Surveys 
Program. The financial support for the survey was provided by USAID, Bangladesh. BDHS, 
2011 is the collected information of ever-married men and women of reproductive age from 
600 enumeration areas (EAs). (National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2013) 
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Table 4: Summary of the surveys included in the analysis for study country Bangladesh 
Title of survey Coverage 
No. of 
households 
 
No. of eligible 
women for interview 
Sampling 
method 
Women 
response rate 
Bangladesh 
Demographic and 
Health Survey, 2004 
 
National-level 
population and 
health surveys 
10,500 11,601 Stratified two-
stage cluster 
98.6 
Bangladesh 
Demographic and 
Health Survey, 2007 
 
National-level 
population and 
health surveys 
10,400 10,996 Stratified two-
stage cluster 
98.4 
Bangladesh 
Demographic and 
Health Survey, 2011 
 
National-level 
population and 
health surveys 
 17,141  17,842 Stratified two-
stage cluster 
 97.9 
Bangladesh 
Demographic and 
Health Survey, 2014 
National-level 
population and 
health surveys 
17,300 17,863 Stratified two-
stage cluster 
97.9 
Source: (National Institute of Population ResearchTraining - NIPORT/Bangladesh et al., 
2016, National Institute of Population Research Training - NIPORT/Bangladesh et al., 2013, 
National Institute of Population Research Training - NIPORT/Bangladesh et al., 2009, 
National Institute of Population Research Training - NIPORT/Bangladesh et al., 2005) 
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National Family and Health Survey (NFHS) data, India (1992-2006) 
The NFHSs are nationwide surveys conducted with a representative sample of households 
throughout the country of India. The Ministry of Health and Family Welfare (MOHFW), 
Government of India (GOI), initiated the NFHS surveys with technical assistance from 
Macro International, USA and funding from USAID to provide high-quality data on 
population and health indicators. The three NFHS surveys (NFHS-1, NFHS-2 & NFHS-3) 
were conducted to date in the development of a demographic and health data base for India. 
The main objective of the NFHS surveys has been to provide current national and state 
estimates of fertility, family planning, infant and child mortality, reproductive and child 
health, nutrition of women and children, the quality of health and family welfare services, 
and socioeconomic conditions by interviewing ever-married men and women of reproductive 
age (International Institute for Population Sciences - IIPS/India and Macro International, 
2007). The NFHS-3 included a total of 3,850 EAs. The NFHS surveys use standardized 
questionnaires, sample designs, and field procedures to collect data. (International Institute 
for Population Sciences - IIPS/India and Macro International, 2007) 
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Table 5: Summary of the surveys included in the analysis for study country India 
Title of survey Coverage 
No. of 
households 
No of eligible 
women for interview Sampling method 
Woman’s 
response rate 
National Family 
and Health 
Survey, 1992-93 
 
National-level 
population and 
health surveys 
88,562 89,777 Stratified two-stage 
cluster 
96.1 
National Family 
and Health 
Survey, 1998-99 
 
National-level 
population and 
health surveys 
91,196 89,199 Stratified two-stage 
cluster 
95.5 
National Family 
and Health 
Survey, 2005-06 
National-level 
population and 
health surveys 
 109,041  124,385 Stratified two-stage 
cluster 
94.5 
Source: (International Institute for Population Sciences - IIPS/India, 1995, International 
Institute for Population Sciences - IIPS/India and Macro International, 2007, International 
Institute for Population Sciences - IIPS/India and ORC Macro, 2000) 
 
 
Pakistan Demographic and Health Survey (PDHS) data (2013) 
The PDHS is the survey conducted in Pakistan with the collaboration of the global DHS 
program. A total of three surveys were conducted to date in the development of a 
demographic and health data base for Pakistan (National Institute of Population Studies - 
NIPS/Pakistan and ICF International, 2013). However, this thesis uses only PDHS 2013 data 
as information on the main exposure variable of interest (HAP) was not available before the 
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year 2013. The survey was implemented by National Institute of Population Studies (NIPS) 
with technical and logistical support from ICF international and financial support was 
provided by USAID. The Survey was undertaken to provide current and reliable data on 
fertility and family planning, childhood mortality, maternal and child health, women’s and 
children’s nutritional status, women’s empowerment, domestic violence, and knowledge of 
HIV/AIDS by interviewing ever-married men and women of reproductive age. (National 
Institute of Population Studies - NIPS/Pakistan and ICF International, 2013) 
 
Table 6: Summary of the surveys included in the analysis for study country Pakistan 
Title of survey Coverage 
No. of 
households 
No. of eligible 
women for interview 
Sampling 
method 
Women 
response rate 
Pakistan Demographic 
and Health Survey, 
2012-13 
National-level 
population and 
health surveys 
 12,943  13,558 Stratified two-
stage cluster 
93.1  
Source: (National Institute of Population Studies - NIPS/Pakistan and ICF International, 
2013) 
 
 
Nepal Demographic and Health Survey (NDHS) data (2001-2011) 
The NDHS is the nationally representative survey conducted in Nepal as part of the global 
DHS project. The survey was implemented by New ERA under the authority of the 
Population Division, Ministry of Health and Population with technical assistance from ICF 
international and financial support from the USAID through its mission in Nepal. This survey 
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provides up to date and reliable data on fertility and family planning, child mortality, 
children’s nutritional status, utilization of maternal and health services, domestic violence, 
and knowledge of HIV/AIDS (Ministry of Health Population - MOHP/Nepal et al., 2012). 
The most recent survey of 2011 represents information of all ever-married men and women 
of reproductive age from 289 EAs. (Ministry of Health Population - MOHP/Nepal et al., 
2012) 
 
Table 7: Summary of the surveys included in the analysis for study country Nepal 
Title of survey Coverage 
No. of 
households 
No. of eligible 
women for interview 
Sampling 
method 
Women 
response rate 
Nepal Demographic 
and Health Survey, 
2001 
 
National-level 
population and 
health surveys 
8,864 8,885 Stratified two-
stage cluster 
98.2 
Nepal Demographic 
and Health Survey, 
2006 
 
National-level 
population and 
health surveys 
8,707 10,793 Stratified two-
stage cluster 
98.4 
Nepal Demographic 
and Health Survey, 
2011 
National-level 
population and 
health surveys 
 10,826 12,674  Stratified two-
stage cluster 
 98.1 
Source: (Family Health Division of the Department of Health Services of the Ministry of 
Health/Nepal et al., 2002, Ministry of Health Population - MOHP/Nepal et al., 2012, Ministry 
of Health Population - MOHP/Nepal et al., 2007) 
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Ethics approval 
The Demography and Health Survey (DHS) project sought and obtained the required ethical 
approvals from ethics committees in Bangladesh, India, Nepal and Pakistan before the 
surveys were conducted. Informed consent was obtained from study participants before their 
participation in the surveys. Participants were informed of the purpose of the interview, the 
time frame for the interview, potential risk and benefits to the respondent; more importantly, 
confidentiality of their responses and identity. The informed consent statement accentuates 
that the respondent may refuse to answer any question and terminate participation at any 
time. Publicly available, de-identified datasets were used in this thesis following approval 
from The DHS Program (www.dhsprogram.com) to download and use the data (Appendix 
A).  
 
Approval process for datasets access for this thesis 
To access DHS datasets for South Asia, a research proposal was submitted to The DHS 
Program (www.dhsprogram.com) along with a project tittle and a description of the analyses 
to be performed with the requested data. The DHS program upon review, approved this and 
provided an email notification that access has been granted for downloading the requested 
datasets.   
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Study Variables 
Outcome variables 
The analysis for under-five mortality was carried out for four separate age groups: neonatal, 
post-neonatal, child and under-five mortality, using the following definitions: 
 Neonatal mortality: The number of deaths during the first 28 days of life (0-28 days). 
Defined as, Number of neonatal deaths / Total number of live births 
 Post-neonatal mortality: The number of deaths between one month and the first 
birthday (1-11 months). Defined as, Number of post-neonatal deaths / Total number 
of live births 
 Child mortality: The number of deaths between exact ages one and five (12-59 
months). Defined as, Number of child deaths / Total number of live births 
 Under-five mortality: The number of deaths between birth and the fifth birthday (0-59 
months). Define as, Number of under-five deaths/Total number of live births 
 
The outcome variables were considered dichotomous for the analysis, where “age at death” 
was either yes (=1) denoting death occurred during these any four periods of age or no (=0) 
denoting the child survived during the age-period.  
 
This thesis used singleton live-born children for calculating the above mortality outcomes. 
Moreover, the selection of childhood mortality was restricted to children who were born 5 
years prior to the interview date in this present thesis. The selection technique for children is 
showed by a flowchart. (Figure 13) 
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All live-born children of eligible 
women
Excluded if children were born 5 years 
prior to the survey date
 Live-born children of 5 years 
period from interview date 
Excluded if birth is twin
Singleton live-born children
alive death
Living children  Neonatal mortality: 0-28 daysPost-neonatal mortality: 1-11 months
Child mortality: 12-59 months
Under-five mortality: 0-59 months  
 
Figure 13: Flow chart for selection of children and mortality outcomes 
 
 
Exposure variable 
The type of cooking fuel in the household was the main exposure variable used in this thesis. 
During the interview by DHS team, the respondents were asked, “What type of fuel does 
your household mainly use for cooking?” and in response around 12 types of cooking fuels 
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were reported in these four South Asian countries. In the analysis of this thesis, these fuels 
were grouped into two categories on the basis of exposure to cooking smoke as similarly 
defined elsewhere (Kleimola et al., 2015, Rehfuess et al., 2009, Upadhyay et al., 2015, 
Wichmann and Voji, 2006, Wichmann and Voyi, 2006):  
 Clean fuels: electricity, liquid petroleum gas (LPG), natural gas and biogas. 
 Polluting fuels: kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass, agricultural 
crop and animal dung.  
 
Previous studies reporting the adverse effects of exposure to kerosene fuel has raised 
questions about the magnitude of the effect of HAP on under-five mortality or respiratory 
illness when kerosene has been categorized as a clean fuel (Choi et al., 2015, Epstein et al., 
2013, Lam et al., 2012). Therefore, kerosene was categorised in the polluting fuels group in 
this present thesis. A major portion of households in Bangladesh (around 80%), India (around 
55%), Nepal (around 75%) and Pakistan (around 60%) use wood/animal dung/crop residues 
for cooking and a small portion of households in Bangladesh (around 2%), India (around 
5%), Nepal (around 4%) and Pakistan (around 3%) use charcoal/coal/kerosene for cooking 
according to the recent DHS datasets used for analysis in these four countries (International 
Institute for Population Sciences - IIPS/India and Macro International, 2007, Ministry of 
Health Population - MOHP/Nepal et al., 2012, National Institute of Population 
ResearchTraining - NIPORT/Bangladesh et al., 2016, National Institute of Population Studies 
- NIPS/Pakistan and ICF International, 2013). This thesis aggregated broad classification for 
type of cooking fuel to ensure consistent comparison across countries, and also because dis-
aggregation of the HAP variable into the sub-groups resulted in small numbers of cases of 
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under-five mortality, and insufficient numbers in some fuel types, for meaningful analysis in 
multivariate models.    
 
Potential confounders 
The DHS uses uniform questionnaires and study variables to collect population-based data in 
their survey countries that are comparable across countries (Fabic et al., 2012). However, 
some questions in the questionnaires may differ or can be deleted if they are irrelevant in a 
specific country (Fabic et al., 2012). A range of potential confounding factors that were 
available, and were common across all datasets were used in this thesis. These confounding 
factors and their availability in study countries of Bangladesh, India, Pakistan and Nepal are 
summarised in Table 8. For identifying potential socio-economic, individual, behavioral and 
environmental factors, this thesis used a combination of a priori evidence from relevant 
previously published literature (Bassani et al., 2010, Epstein et al., 2013, Ezeh et al., 2014, 
Kashima et al., 2010, Kleimola et al., 2015, Pandey and Lin, 2013, Rehfuess et al., 2009, 
Rinne et al., 2007, Tielsch et al., 2009, Wichmann and Voyi, 2006) and an assessment of 
selected covariates in descriptive analyses. All of the selected variables have previously been 
identified as potential confounders for the association between HAP and childhood mortality. 
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Table 8: Definition and categorisation of common variables used in the studies of this 
thesis 
  Availability of data in survey year   
Potential variables Categorisation Bangladesh Nepal India Pakistan 
Socio-economic factor 
 
    
Place of Residence   urban or rural 
2004, 2007, 
2011, 2014 
2001, 
2006, 
2011 
1992-93, 
1998-99, 
2005-06 
2012-13 
Household wealth index high income or middle 
income or low income 
2004, 2007, 
2011, 2014 
2006, 
2011 
2005-06 2012-13 
Maternal education  secondary or higher or 
primary or no education 
2004, 2007, 
2011, 2014 
2001, 
2006, 
2011 
1992-93, 
1998-99, 
2005-06 
2012-13 
Maternal working status 
not working or working 
2004, 2007, 
2011, 2014 
2001, 
2006, 
2011 
1998-99, 
2005-06 
2012-13 
Floor material of household 
cement/carpet or earth/sand 
n/a 2001, 
2006, 
2011 
n/a 2012-13 
Wall material of household cement/brick or non-
cement/non-brick 
2004, 2007, 
2011, 2014 
n/a n/a 2012-13 
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Type of house pucca or semi-pucca or 
kachha 
n/a n/a 1992-93, 
1998-99, 
2005-06 
n/a 
Individual factors     
Maternal age 
“40-49 years” or “<20 years” 
or “20-29 years” or “30-39 
years” 
2004, 2007, 
2011, 2014 
2001, 
2006, 
2011 
1992-93, 
1998-99, 
2005-06 
2012-13 
Sex of child 
 female or male 
2004, 2007, 
2011 
2001, 
2006, 
2011 
1992-93, 
1998-99, 
2005-06 
1990-91, 
2006-07, 
2012-13 
Parity 
0-2 prior births or 3-4 prior 
births or 5 or more prior 
births 
n/a 2001, 
2006, 
2011 
n/a n/a 
Behavioral factors     
Breastfeeding status of 
children 
ever breastfed or never 
breastfed 
2004, 2007, 
2011, 2014 
2001, 
2006, 
2011 
1992-93, 
1998-99, 
2005-06 
2012-13 
Smoking status of mother yes or no n/a n/a n/a 2012-13 
Environmental factors     
Location of kitchen 
 separate buildings/outdoors 
used as cooking or cooking 
in the house 
2007, 2011, 
2014 
2006, 
2011 
2005-06 2012-13 
Note: variables marked as “n/a” were not used for that study country because of insufficient sample 
size or absence of data or weaker evidence of association with outcome. 
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The household wealth index was constructed using principal components analysis, with 
weights for the wealth index calculated by giving scores to the asset variables such as 
ownership of transport, durable goods and facilities in the household (Filmer and Pritchett, 
2001, National Institute of Population Research Training - NIPORT/Bangladesh et al., 2013). 
‘Low income’ referred to the bottom 40% of households, ‘middle income’ referred to the 
middle 40% of households, and ‘high income’ referred to the top 20% of households, based 
on the similar method used by DHS project  (Filmer and Pritchett, 2001).  Breastfeeding has 
previously been shown to be a protective factor for under-five mortality, generally in neonatal 
and infancy period (Arifeen et al., 2001, Ezeh et al., 2014, Victora et al., 2016, Victoria, 
2000) which may lower the risk of exposure associated with HAP. Moreover, breastfeeding 
practices play an important role in the health and development of the children under-five 
years of age and decreases the risk of respiratory tract infections and some other diseases, 
thereby contributing to reductions in childhood mortality (Arifeen et al., 2001, Ladomenou et 
al., 2010, Victora et al., 2016). Additionally, a household without a separate kitchen for 
cooking has also previously been associated as a proxy measure of a higher level of exposure 
to HAP, based on proximity to polluting fuel (Dasgupta et al., 2006, Gurley et al., 2013a, 
Khalequzzaman et al., 2011, Rehfuess et al., 2009). Therefore, breastfeeding status of 
children and location of the kitchen were considered a priori factors in this thesis that may 
indicate different level of exposure to polluting fuel. 
 
 
 
 
69 
 
Analytical Strategy 
This section of the chapter provides a summary of the analytical strategy employed in this 
thesis. A series of analyses seek to investigate trends and relative differences in mortality 
outcomes between those exposed to HAP from cooking fuel compared to those not exposed 
to HAP for each of the South Asian countries included in the study (Bangladesh, Nepal, 
Pakistan, and India). Estimates of relative risk from each study country and exposure 
prevalence relating to the use of cooking fuel and under-five mortality were also used to 
measure attributable and avoidable disease burden of HAP from cooking fuel associated with 
under-five mortality in South Asia. 
 
 
Country specific analyses (Chapters Five-Eight) 
The analytical approaches for objectives (1-3) of this thesis, that is country specific analyses 
for HAP from use of cooking fuel and under-five mortality in Bangladesh (Chapter Five), 
India (Chapter Six), Pakistan (Chapter Seven) and Nepal (Chapter Eight) are summarised 
below (also provided in detail in subsequent chapters): 
 
Objective 1: To establish the strength of the association between HAP from use of cooking 
fuel and under-five mortality 
 
Mortality outcomes such as neonatal, post-neonatal, child and under-five mortality incidence 
proportions were calculated by following a similar approach of the DHS program provided 
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by Rutstien and Rojas, 2006. For calculating mortality outcomes, date of interview, date of 
birth and age at death variables were used from DHS datasets of study countries. Singleton 
live-born children were used for analyses in this thesis and information related to child who 
died/alive were restricted to the five-years period prior to the date of interview to minimise 
recall bias of child birth and death information which was self-reported by mother.  
 
The association between HAP from cooking fuel and under-five mortality was investigated 
by using relative risk estimates. The relative risk (RR) is a measure of association between a 
disease or condition and a factor under study. It is calculated by dividing the incidence 
proportion among those exposed to the factor by the incidence proportion among those not 
exposed to the factor (Kaelin and Bayona, 2004). 
- Calculation of RR = Incidence in the exposed / Incidence in the non-exposed 
 
In this thesis, the odds ratio (OR) is used as an estimate of the RR for finding the association 
between exposure from cooking fuel and under-five mortality (defined as binary outcomes). 
RR cannot be directly estimated from the case-control study designs of the type conducted in 
the present thesis based on the cross-sectional datasets obtained. However, the OR can be 
used as an approximation of the RR where controls (those not dead in the present study) 
reflect the incidence density under study, which is likely to be the case given that the surveys 
employed are random, representative samples of the country under study (Rothman, 2012). 
Relative differences between study factors were investigated by a series of univariate and 
multivariate multilevel logistic regression models.  
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Multilevel logistic regression models were used for analysis to investigate the association 
between use of cooking fuel and under-five mortality outcomes. Multilevel models were used 
in order to account for clustering (i.e. individuals sampled within randomly selected 
geographical areas) that was present in the stratified random sample survey design employed 
in the DHS datasets of Bangladesh, India, Pakistan and Nepal. These surveys were cross-
sectional in nature, and can be used (based on population weights) to estimate overall 
prevalence for selected outcomes that are representative to study countries. These surveys 
comprise different individuals and geographical areas in each time point. Moreover, 
aggregate changes in the prevalence of exposure and outcomes have been adjusted for 
selected covariates in models by including period (that is the year of survey) as a categorical 
variable in models. Survey datasets for each country used in this thesis were pooled to 
identify the overall effect of HAP from cooking fuel on under-five mortality. The prevalence 
estimates were measured using the “svy” survey command to allow for adjustments for 
sampling weights and cluster sampling in the DHS datasets. For estimates of odds ratio (OR) 
and 95% confidence interval (CI) between exposure groups, random effects multivariate 
multilevel logistic regression models were conducted by using the “xtlogit” command. 
Analyses for this objective were carried out in STATA version 13.1 (Stata Corp: College 
Station, TX, USA). 
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Objective 2: To investigate trends in HAP and under-five mortality 
 
Trends in neonatal, post-neonatal, child and under-five mortality incidence from use of 
cooking fuel over time were examined for Bangladesh, India and Nepal. The extent of 
divergence or convergence between the slopes of period specific trends within each study 
variable was assessed by testing the statistical interaction between period (year of survey) and 
HAP from the use of cooking fuel using likelihood ratio tests. The “svy” survey command 
was used for calculating weighted mortality incidence proportions to adjust for the cluster 
sampling survey design and weights. The likelihood ratio test for interaction the “lrtest” 
command was used. Analyses for this objective were also carried out in STATA version 13.1 
(Stata Corp: College Station, TX, USA). 
 
 
 Objective 3: To identify the role of key environmental and behavioral factors that might 
affect the level of exposure to use of cooking fuel associated with under-five mortality 
 
Analyses stratified by urban and rural areas, breastfeeding status and by the location of the 
kitchen were conducted to determine whether the magnitude of the effect of the exposure on 
outcomes differed across different levels of these environmental and behavioral variables. 
Place of residence (urban or rural), breastfeeding status (ever breastfed or never breastfed) 
and location of kitchen (separate kitchen or no separate kitchen) were each combined with 
type of cooking fuel (clean fuel or polluting fuel) as composite ordinal variables to 
investigate different levels of exposure to HAP from cooking fuel for neonatal, post-neonatal, 
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child and under-five mortality outcomes in Bangladesh, India, Pakistan and Nepal. Analyses 
for this objective employ a similar approach from objective 1 above.  
 
Analyses for comparative risk assessment  
A comparative risk assessment approach was used for objective 4. Relative risk estimates 
from previous country-specific studies were used to estimate the avoidable burden of under-
five mortality associated with HAP in South Asia, with a view to identify common findings 
across South Asia for policy responses and interventions. 
 
Objective 4: To assess the attributable risk associated with HAP from use of cooking fuel and 
under-five mortality and to examine theoretical scenarios assessing the potential impact of 
previous interventions to reduce HAP exposure to reduce exposure prevalence related with 
under-five mortality 
 
The incidence proportion of under-five mortality was calculated by following the similar 
method from objective 1 above. Prevalence estimates and 95% CIs were also calculated 
following the similar approach from objective 1-2 above. Estimates of relative risk and 
pooled relative risk from each country were calculated using multilevel logistic regression 
models to identify the overall effect of HAP and under-five mortality in South Asia which is 
consistent with the methods from previous objectives (1-2). Summary relative risk estimates 
for South Asia (Bangladesh, India, Pakistan and Nepal) were calculated using random effects 
meta-analysis following the inverse variance method (DerSimonian-Laird) and by using the 
“metan” function. Analyses were carried out in STATA version 13.1 (Stata Corp: College 
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Station, TX, USA). In addition, summary prevalence estimates for South Asia were 
calculated using random effects meta-analysis using the MetaXL (Barendregt and Doi, 2009). 
 
The population attributable fraction (PAF) was used to measure the proportion of under-five 
mortality in South Asia that could theoretically be prevented by eliminating HAP from the 
use of cooking fuels in households, assuming the other risk factors remain unchanged. The 
PAF was calculated by using the following formula (Murray et al., 2003, Wilson et al., 2013), 
PAF ൌ ∑݌ሺRR െ 1ሻሺ1 ൅ ∑݌ሺRR െ 1ሻሻ 
Where p is the prevalence of exposure from use of cooking fuel and RR is the adjusted 
relative risk estimated from DHS datasets for Bangladesh, India, Nepal and Pakistan. A joint 
PAF across four South Asian countries was also calculated by using the following formula 
(Miettinen, 1974, Wilson et al., 2013), 
PAF	ሺCombinedሻ ൌ 1 െෑሺ1 െ PAF௥ሻ
ோ
௥ୀଵ
 
Where r denotes each individual risk factor. PAF assumes that risk factors are independent 
and uncorrelated and has been reduced by the use of relative risks that has been adjusted for 
potential confounders.  
This study also considered PIF estimates for comparison with PAF estimates to measure the 
theoretical minimum prevalence for exposure in each study country by applying the 
evidence-base of the potential impact on reductions in HAP from previous interventions 
(Singh et al., 2012). The PIF was calculated by using the following formula (Barendregt and 
Veerman, 2010), 
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Potential	Impact	Fraction	ሺPIFሻ ൌ ∑ ݌௖ܴܴ௖ െ ∑ ݌௖		
∗ ܴܴ஼௡௖ୀଵ௡௖ୀଵ
∑ ݌௖௡௖ୀଵ ܴܴ௖  
 
Where pc is the proportion of under-five children in a given exposure category c, RRc is the 
adjusted relative risk for that category estimated from the DHS datasets and pc* is the 
estimated proportion in category c after the intervention. In the analysis for this thesis, the 
estimated effect of interventions was based on previously published intervention studies in 
South Asia (Nasir et al., 2013, Singh et al., 2012).  
 
Monte-Carlo simulation models were used to estimate the 95% confidence intervals (CI) for 
PAF and PIF estimates, to account for the uncertainty around the exposure prevalence and 
relative risk estimates using Ersatz Software1.31 in MS Excel (Barendregt, 2009). Details of 
these analyses and the rationale for using PAF and PIF estimates are provided subsequently 
in Chapter Eight of this thesis. 
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Outcomes and significance 
This thesis uses national demographic and health information from a series of routinely 
collected Demographic and Health Survey (DHS) data covering the South Asian countries: 
Bangladesh, India, Nepal and Pakistan. This is the first study to conduct a comprehensive 
assessment of national data sources in South Asia on the association between HAP from 
cooking fuel and under-five mortality, based on combined datasets within country and 
examination of secular trends, and a comparative risk analysis between countries to identify 
country-specific effect modifiers and effect modifiers that are common across different 
cultural contexts. 
 
Findings from this thesis provide detailed and context specific information on HAP and its 
impact on under-five mortality and represents a current evidence base for policy makers and 
public health researchers in the development of prevention and control measures. 
Additionally, findings for estimates of the avoidable disease burden associated with HAP 
from cooking fuel and under-five mortality can be used by health care policy makers to 
implement important strategies in South Asian countries for the future.  
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Chapter Five 
HAP from cooking fuel and under-five mortality in Bangladesh 
Synopsis of chapter 
HAP is one of the leading causes of respiratory illness and deaths among children under-five 
years in Bangladesh. The majority of the rural households still use solid fuels for cooking; 
and therefore, the burden of disease attributable to HAP is a serious public health hazard in 
this developing country. No study has previously focused on HAP related under-five 
mortality in the national population and no study investigated the under-five mortality trend 
or the role of potential environmental and behavioral factors associated with the use of 
cooking fuel in the household and under-five mortality in Bangladesh context. This nationally 
representative study found an overall decreasing trend associated with HAP from cooking 
fuel and under-five mortality. Moreover, the association between HAP from cooking fuel and 
under-five mortality was stronger for households who used polluting fuels for cooking in 
indoor without a separate kitchen and a slightly higher association was found for urban than 
rural households. Additionally, strong evidence of association was identified for children who 
had never breastfed and whose mother used polluting fuels for cooking.  
 
Citation 
The chapter of this thesis has been published in a peer-reviewed journal:  
NAZ, S., PAGE, A. & AGHO, K. E. 2015. Household air pollution and under-five mortality 
in Bangladesh (2004-2011). International Journal of Environmental Research and Public 
Health, vol 12, no 10, pp 12847-12862.  (Appendix B)      
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Notes on data source and analysis 
Bangladesh DHS datasets for the survey year 2004, 2007 and 2011 were selected for analysis 
in this study on the basis of availability of information on exposure variable “type of cooking 
fuel used in the household”. At the time of publication, BDHS data for the year 2014 was not 
publicly available; however, BDHS, 2014 dataset has been added later in Chapter Nine for 
the comparative risk assessment analysis for South Asia. Our main outcome variable (under-
five mortality) is divided into four age-group as neonatal, post-neonatal, child and under-five 
mortality in the thesis. Unlike other chapters, under-five mortality was categorised as 
neonatal (0-28 days), infant (0-11 months) and under-five (0-59 months) mortality in this 
Bangladeshi study because of insufficient cases of mortality in post-neonatal (1-11 months) 
group and child aged between 12-59 months. For identifying potential confounders, this study 
used a combination of a priori evidence from previous similar studies, and an assessment of 
selected covariates in descriptive univariate analyses. All the selected potential confounders 
for the thesis were not used in this study in the absence of sufficient/available data on those 
confounders to analyse the association between HAP from cooking fuel and under-five 
mortality in Bangladesh context. In addition, some texts, formats and tables are slightly 
modified in this chapter from the original publication in order to maintain the consistency 
throughout the thesis.   
 
 
Candidate’s contribution 
In this study, the candidate obtained the data; contributed significantly to the 
conceptualisation of the research questions; performed the literature review and analyses; 
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interpreted the data; drafted the primary manuscript; selected the peer-reviewed journal in 
discussion with co-authors and submitted the final manuscript to International Journal of 
Environmental Research and Public Health for consideration. The candidate was the 
corresponding author and responded to the Reviewer’s comments in consultation with co-
authors; submitted the revised version of the manuscript; proof read the final revised 
manuscript and also approved the final proof read manuscript as published. 
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Introduction 
Household air pollution (HAP) from cooking fuel is a substantial cause of respiratory illness 
and death and remains a major public health concern in the developing world (Fullerton et al., 
2008, Smith and Mehta, 2003). Globally, more than 3 billion people  depend on solid fuels 
(wood, animal dung, crop residues, charcoal and coal) for cooking and heating and, in the 
case of rural populations, approximately 90% households use biomass fuels as their primary 
source of domestic energy (Desai et al., 2004, Rehfuess et al., 2011, Rehfuess and WHO, 
2006). Polluted indoor air is associated with a range of health damaging pollutants such as 
fine particles, carbon monoxide (CO2), nitrogen oxides (NO2), sulphur dioxide (SO2), benzene, 
butadiene, formaldehyde, polyaromatic hydro-carbons and a number of other chemicals 
(Naeher et al., 2007, WHO, 2006). 
 
The poorest populations of the world are most vulnerable to the effects of household air 
pollution (HAP), with approximately 2.9 million deaths worldwide has been attributable to 
HAP in 2015 (GBD 2015 Risk Factors Collaborators, 2016). HAP has a disproportionately 
adverse effect on the health of women and children under five years of age, particularly acute 
respiratory infections (ARIs) (Lim et al., 2012, Rehfuess et al., 2011) as women are 
predominantly responsible for cooking in developing societies which usually occurs indoors 
with fuel burnt in open, poor functioning stoves (Bruce et al., 2000, Rehfuess et al., 2011). In 
addition, children are more vulnerable to air pollution than adults because of their higher 
oxygen consumption rate for which they inhale more pollutants and also for the fact that their 
airways are narrower which results more irritation for greater airway obstruction (Jenny 
Pronczuk-Garbino and WHO, 2005, WHO, 2005). However, young children are at greater 
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risk of exposure from cooking fuel than older children as they spend more time indoors 
(Bruce et al., 2000, Munroe and Gauvain, 2012, Smith and Mehta, 2003). 
 
Bangladesh is a developing and overpopulated low land country located in South Asia. 
Nearly, 31% of people in peri-urban and rural areas live in poverty (National Institute of 
Population Research Training - NIPORT/Bangladesh et al., 2013). Approximately 86% of the 
population still rely primarily on solid fuels as a domestic source of energy, particularly in 
rural households (National Institute of Population Research Training - NIPORT/Bangladesh 
et al., 2013). Around 3.6% of the total burden of disease in the country has been attributable 
to HAP and 21% of deaths among children <5 years are associated with  ARI (Baqui et al., 
2001, WHO, 2007). Over the past decades, under-five mortality in Bangladesh has dropped 
by 72% from 144 deaths per 1,000 live births in 1990 to 41 in 2012 (UNICEF, 2014). In spite 
of that, pneumonia is still the leading single cause of under-five deaths in Bangladesh, 
accounting for one-fifth of all deaths (National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2013). 
 
Previous studies in Bangladesh have examined the effects of HAP on respiratory diseases 
among young children, but have been limited to surveys of limited geographic areas, or 
hospital based data sources for specific regional populations (Gurley et al., 2013a, Gurley et 
al., 2013b, Khalequzzaman et al., 2007, Khalequzzaman et al., 2011, Khalequzzaman et al., 
2010, Murray et al., 2012). To date, no study for Bangladesh has examined the effect of HAP 
on nationally representative under-five mortality, and no studies have examined changes over 
time or investigated the role of environmental and behavioural factors that might affect the 
level of exposure to HAP (for example, place of residence, breastfeeding status and location 
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of kitchen). Accordingly, the objective of this study was to investigate trends in the 
association between HAP from cooking fuel and under-five mortality, and assess how this is 
affected by key environmental and behavioural factors using nationally representative data 
over the period 2004-2011.  
 
Methods 
Data sources 
The data in this study were extracted from the most recent Bangladesh Demographic and 
Health Survey (BDHS) datasets for the years 2004, 2007 and 2011. The BDHS is nationally 
representative household surveys conducted every three to four years since 1993 under the 
authority of the National Institute of Population Research and Training (NIPORT) of the 
Ministry of Health and Family Welfare, implemented by Mitra and Associates in Dhaka 
(Bangladesh) with technical assistance from ICF international of Calverton, Maryland, USA, 
as a part of its Demographic and Health Surveys (National Institute of Population Research 
Training - NIPORT/Bangladesh et al., 2013, National Institute of Population Research 
Training - NIPORT/Bangladesh et al., 2009, National Institute of Population Research 
Training - NIPORT/Bangladesh et al., 2005). The BDHS data were collected by interviewing 
ever-married women (aged 10-49 years) and men (aged 15-54 years) using a stratified sample 
of households based on a two-stage cluster design (National Institute of Population Research 
Training - NIPORT/Bangladesh et al., 2013, National Institute of Population Research 
Training - NIPORT/Bangladesh et al., 2009, National Institute of Population Research 
Training - NIPORT/Bangladesh et al., 2005). A total of 40,439 ever-married women of 
reproductive age (14,320 from urban and 26,119 from rural areas) were included in the three 
datasets with a response rate of 98.3% in women across the three datasets (2004, 2007 and 
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2011). This study was based on information relating to 18,308 singleton live-born children, of 
whom 923 died in the 5-years prior to the survey. An index period of five years was to 
minimize recall bias of child birth and death information self-reported by the mother. 
(Descriptive characteristics of participating women are provided in a supplementary Table 
S1) 
 
Under-five mortality  
The analysis was carried out for three age groups: neonatal, infant and under-five mortality, 
using the following definitions: 
 Neonatal mortality: The number of deaths during the first 28 days of life (0-28 days). 
Defined as, No. of neonatal deaths / Total no. of live births 
 Infant mortality: The number of deaths during the first year of life (0-11 months). 
Defined as, No. of infant deaths / Total no. of live births 
 Under-five mortality: The number of deaths before the fifth birthday (0-59 months). 
Defined as, No. of under-five deaths / Total no. of live births 
 
The outcome variables were considered dichotomous for the analysis, where “age at death” 
was either yes (=1) denoting death occurred during these any three periods of age or no (=0) 
denoting the child survived during the age-period.  
 
Type of cooking fuel 
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The main exposure variable was type of cooking fuel used in the household. The respondents 
were asked, “What type of fuel does your household mainly use for cooking?” and in 
response 12 types of cooking fuel were reported. In the analysis, these fuels were grouped 
into two categories on the basis of exposure to cooking fuel: ‘clean fuels’ (electricity, liquid 
petroleum gas, natural gas, biogas) and ‘polluting fuels’ (kerosene, coal/lignite, charcoal, 
wood, straw/shrubs/grass, agricultural crops, animal dung). BDHS analyses have previously 
classified cooking fuel as ‘solid’ and ‘non-solid’ fuels, where kerosene was categorised in the 
non-exposed (i.e. ‘clean fuel’) group (National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2013, National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2009, National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2005). However, many previous studies have reported kerosene 
as a polluting fuel and have found significant associations between under-five mortality and 
respiratory illness among children and kerosene fuel use (Choi et al., 2015, Epstein et al., 
2013, Wichmann and Voyi, 2006). For this reason, kerosene was categorised in the polluting 
fuels group.  
 
Potential confounders 
A household wealth index (categorized as ‘high income’, ‘middle income’ or ’low income’), 
maternal education (categorized as ‘secondary or higher’, ‘primary’ or ‘no education’) and 
maternal working status (‘working’ or ‘not working’) were included as markers of socio-
economic status, and have previously been identified as potential confounders (Epstein et al., 
2013, Ezeh et al., 2014, Kashima et al., 2010, Pandey and Lin, 2013, Rehfuess et al., 2009, 
Rinne et al., 2007, Wichmann and Voyi, 2006). The household wealth index was constructed 
using principal components analysis, with weights for the wealth index calculated by giving 
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scores to the asset variables such as ownership of transport, durable goods and facilities in the 
household (Filmer and Pritchett, 2001, National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2013). ‘Low income’ referred to the bottom 40% of households, 
‘middle income’ referred to the middle 40% of households, and ‘high income’ referred to the 
top 20% of households, based on the approach described by Filmer and Pritchett (Filmer and 
Pritchett, 2001). Maternal age (age <20, 20-29, 30-39 and 40-49 years) and wall material of 
household (‘cement/brick’ or ‘non-cement/non-brick’) were also considered as potential 
confounders of the association between HAP from cooking fuel and under-five mortality.  
 
Place of residence (categorized as ‘urban’ or ‘rural’), breastfeeding status of children 
(categorized as ever breastfed ‘yes’ or ‘no’) and location of kitchen (categorized as ‘separate 
building/outdoors’ or ‘in the house’) were also considered a priori factors that may indicate 
different levels of exposure to HAP from cooking fuels. While not necessarily a modifiable 
risk factor, place of residence is likely to play an important role in child survival as rural 
children have a higher risk of death from use of polluting fuels than urban counterparts 
(Bassani et al., 2010, Epstein et al., 2013, Ezeh et al., 2014, Pandey and Lin, 2013, Rehfuess 
et al., 2009, Tielsch et al., 2009), and an inside kitchen as an indicator of proximity to 
polluting fuel use has also been shown to be an important factor associated with greater 
exposure to HAP (Dasgupta et al., 2009, Ezeh et al., 2014, Gurley et al., 2013a, 
Khalequzzaman et al., 2007, Khalequzzaman et al., 2011, Khalequzzaman et al., 2010, 
Rehfuess et al., 2009). Additionally, breastfeeding has been shown to be a protective factor 
for under-five mortality, generally in infants (Arifeen et al., 2001, Black, 2003, Cushing et 
al., 1998, Ezeh et al., 2014, Heinig, 2001, Wichmann and Voyi, 2006) which may attenuate 
the higher risk associated with HAP exposure. Hence, analyses sought to determine whether 
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the magnitude of the association between HAP from cooking fuel and under-five mortality 
differed by past breastfeeding status.   
 
Statistical Analysis 
The association between type of cooking fuels and under-five mortality was investigated 
using a series of multilevel logistic regression models adjusted for the potential confounders 
of household wealth, place of residence, maternal age, maternal education, maternal working 
status, breastfeeding status and wall material of house. Changes in neonatal, infant and under-
five mortality rates from HAP over time were also investigated using a trend analysis across 
2004, 2007 and 2011 BDHS data by specifying ‘period’ as a continuous variable. To identify 
the overall effect of HAP from cooking fuels with neonatal, infant and under-five mortality, 
pooled analyses were also conducted. The extent of divergence or convergence between the 
slopes of period specific trends within each variable over the study period (2004-2011) was 
assessed by testing the interaction between period and a given confounding variable using 
likelihood ratio tests. 
 
Stratified analyses were also conducted by urban and rural areas, breastfeeding status and by 
the location of the kitchen (for 2007-2011 only, where information on the location of the 
kitchen was available) to determine whether the magnitude of the effect of the exposure on 
outcomes differed across levels of these variables. Geographical region (‘urban’ or ‘rural’), 
breastfeeding status (ever breastfed ‘Yes’ or ‘No’) and location of kitchen (‘separate 
building/outdoors’ or ‘in the house’) were each also combined with type of cooking fuel as 
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composite ordinal variables to investigate different level of exposure to HAP for under-five 
mortality outcomes. 
 
 The “Svy” command was used for calculating weighted cumulative incidence estimates of 
mortality to adjust for the cluster sampling survey design. Multilevel logistic regression 
models were conducted by using the “xtlogit” command and for likelihood ratio test for 
interaction “lrtest” command was used. All analyses were carried out in STATA version 13.1 
(Stata Corp, 2013). 
 
Ethics 
The DHS project sought and obtained the required ethical approvals from ethics committees 
in Bangladesh before the surveys were conducted. Informed consent was obtained from study 
participants before they were allowed to participate in the surveys. The survey data sets used 
in this study were completely anonymous with regard to participate identity. 
 
Results 
The under-five mortality incidence proportion decreased from 6.5% in 2004 to 4.4% in 2011, 
infant mortality from 5.5% in 2004 to 4.0% in 2011, and the neonatal mortality incidence 
proportion from 3.6% in 2004 to 3.0% in 2011(Figure 14). Use of polluting fuels for cooking 
was associated with a higher risk of neonatal mortality (OR=1.49, 95%CI=1.01-2.22, 
P=0.043) than infant (OR=1.27, 95%CI=0.91-1.77, P=0.157) and under-five mortality 
(OR=1.14, 95%CI=0.83-1.55, P=0.422) after adjusting for household wealth, place of 
88 
 
residence, maternal age, maternal education, maternal working status, breastfeeding status, 
wall material of house and year of survey (Table 9).  
 
Our stratified analysis showed no strong evidence of association between using polluting 
fuels for cooking and under-five mortality in households in urban compared to rural areas 
(Table 10). However, there was a slightly higher association between use of polluting fuels 
and neonatal, infant and under-five mortality for those living in urban areas than rural areas 
(Table 10). Analyses showed a more than 4-fold higher risk of mortality in women who never 
breastfed and who used polluting fuels for cooking (compared to breastfeeding women who 
used clean fuels), with stronger associations evident for neonatal (OR=5.39, 95%CI=2.94-
9.92, P<0.001) than infant (OR=4.47, 95%CI=2.83-7.06, P<0.001) and under-five mortality 
(OR=4.21, 95%CI=2.77-6.41, P<0.001) (Table 10). The risk of child mortality was also 
higher for the women who ever breastfed but used polluting fuel for cooking (Table 10).  
 
Analyses combining location of kitchen (separate or in the house) and use of cooking fuels 
for the years 2007-2011 (periods where information on location of kitchen was available), 
showed a stronger association between households using polluting fuels and an indoor 
kitchen (compared to households with an separate/outside kitchen and clean fuel use for 
cooking), with stronger associations for under-five mortality (OR=1.88, 95%CI=1.23-2.87, 
P=0.003) than infant (OR=1.69, 95%CI=1.09-2.62, P=0.019) and neonatal mortality 
(OR=1.59, 95%CI=0.94-2.69, P=0.084) (Table 10). There was also an indication of 
association between use of polluting fuels in a separate/outside kitchen for neonatal, infant 
and under-five mortality (Table 10). A sensitivity analysis that included kerosene as a ‘clean 
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fuel’ did not change results (only 0.10% of women reported the use of kerosene for cooking) 
(not shown). 
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Figure 14: Under-five mortality trend with exposure to HAP from cooking fuel in 
Bangladesh (2004-2011) 
Note: P for interaction based on likelihood ratio test of ‘period’ by ‘exposure to polluting fuels’. Odds 
ratios (OR) for linear trend (i.e. the period effects) for each exposure group (clean or polluting fuel) 
were adjusted for wealth index, place of residence, maternal age, maternal education, maternal 
working status, breastfeeding status and household wall material.  
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Table 9: HAP from cooking fuel associated with neonatal, infant and under-five mortality in Bangladesh: a pooled analysis for 2004-2011 
  Neonatal Infant Under-five 
Study factors n/N^ n (%)P OR a 95%CI P value n/N^ n (%)P OR a 95%CI P value n/N^ n (%)P OR a 95%CI P value 
Type of cooking fuel             
Clean fuel R* 41/1843 2.2 1.00  62/1843 3.5 1.00  73/1843 4.2 1.00  
polluting fuel** 532/16465 3.3 1.49 (1.01-2.22) 0.043 740/16465 4.6 1.27 (0.91-1.77) 0.157 850/16465 5.2 1.14 (0.83-1.55) 0.422 
Place of residence             
Urban 176/5888 3.0 1.00  250/5888 4.3 1.00  284/5888 5.0 1.00  
Rural 397/12420 3.2 1.01 (0.81-1.25) 0.967 552/12420 4.5 0.96 (0.80-1.16) 0.690 639/12420 5.2 0.98 (0.82-1.17) 0.799 
Wealth Index             
High income R 95/3512 2.7 1.00  125/3512 3.5 1.00  137/3512 3.9 1.00  
Middle income 198/6591 3.1 0.98 (0.72-1.33) 0.904 272/6591 4.2 1.03 (0.79-1.35) 0.822 316/6591 4.8 1.13 (0.87-1.46) 0.367 
Low income 280/8205 3.4 1.12 (0.79-1.59) 0.535 405/8205 5.0 1.15 (0.84-1.57) 0.373 470/8205 5.8 1.25 (0.93-1.69) 0.137 
Maternal age             
40-49 R 10/492 1.9 1.00  23/492 4.7 1.00  27/492 5.6 1.00  
<20 115/2669 4.4 3.88 (1.98-7.59) <0.001 157/2669 6.1 2.65 (1.65-4.24) <0.001 171/2669 6.6 2.39 (1.54-3.72) <0.001 
20-29 347/11266 3.2 2.08 (1.09-3.96) 0.027 471/11266 4.3 1.40 (0.88-2.13) 0.163 542/11266 4.9 1.34 (0.89-2.02) 0.164 
30-39 101/3865 2.6 1.61 (0.83-3.11) 0.161 151/3865 3.9 1.09 (0.69-1.72) 0.717 183/3865 4.8 1.12 (0.73-1.71) 0.602 
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Maternal education             
Secondary or higher R 236/7987 3.1 1.00  295/7987 3.8 1.00  335/7987 4.4 1.00  
Primary 181/5673 3.2 1.15 (0.93-1.44) 0.203 248/5673 4.3 1.25 (1.03-1.52) 0.024 284/5673 4.9 1.22 (1.02-1.47) 0.029 
No education 156/4648 3.4 1.28 (1.01-1.63) 0.047 259/4648 5.7 1.67 (1.36-2.04) <0.001 304/4648 6.5 1.64 (1.36-1.99) <0.001 
Maternal working 
status 
            
Working R 110/3113 3.6 1.00  162/3113 5.2 1.00  186/3113 6.0 1.00  
Not working 463/15195 3.1 0.87 (0.69-1.08) 0.208 640/15195 4.3 0.85 (0.71-1.03) 0.100 737/15195 5.0 0.86 (0.72-1.03) 0.092 
Breastfeeding Status             
Ever breastfed 260/123377 2.1 1.00  346/12377 2.8 1.00  408/12377 3.3 1.00  
Never breastfed 313/5931 5.5 3.02 (2.52-3.62) <0.001 456/5931 8.1 3.40 (2.91-3.97) <0.001 515/5931 9.2 3.23 (2.79-3.73) <0.001 
Wall material of 
house 
            
Cement/brick R 248/8470 2.9 1.00  322 3.8 1.00  362/8470 4.2 1.00  
Non-cement/non- brick 279/8528 3.4 0.93 (0.73-1.18) 0.564 420 5.1 1.02 (0.83-1.25) 0.866 494/8528 6.0 1.04 (0.85-1.26) 0.727 
Year of survey 
2004 R 199/5852 3.6 1.00  308 5.5 1.00  364/5852 6.5 1.00  
2007 151/4954 3.1 0.87 (0.68-1.11) 0.260 201 4.2 0.76 (0.62-0.94) 0.012 229/4954 4.8 0.74 (0.61-0.91) 0.003 
2011 223/7502 2.9 0.84 (0.67-1.07) 0.157 293 3.8 0.77 (0.63-0.94) 0.010 330/7502 4.3 0.73 (0.61-0.89) 0.001 
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Note: R Reference category, a odds ratio adjusted for wealth index, place of residence, maternal age, maternal education, maternal working status, 
breastfeeding status, wall material of house and year of survey, *clean fuels: electricity, liquid petroleum gas (LPG), natural gas, biogas, ** Polluting fuels: 
kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass, agricultural crop and animal dung, ^ n=no. of mortality cases and N= total no. of children for 
neonatal, infant and under-five age-group,  p percentage of mortality cases. 
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Table 10: Risk of mortality by geographical region, breastfeeding status and kitchen location 
Neonatal Infant Under-five 
Study Factors n/N ^ n (%) P OR 
a 95% 
(CI) 
p 
Value n/N
 ^ n (%) P OR a 95% (CI) p Value n/N
 ^ n (%) P OR a 95% (CI) p Value 
Combined Association of Residence 
and Use of Cooking Fuel             
Urban residence used clean fuels R* 38/1703 2.1 1.00 57/1703 3.4 1.00 65/1703 3.9 1.00 
Urban residence used polluting fuels ** 138/4185 3.5 1.49 (1.03–2.14) 0.033 193/4185 4.8 
1.39 (1.03–
1.88) 0.033 219/4185 5.6 1.38 (1.03–1.84) 0.028 
Rural residence used clean fuels * 3/140 3.0 0.99 (0.29–3.19) 0.958 5/140 4.5 
1.09 (0.42–
2.78) 0.863 8/140 6.9 1.56 (0.72–3.37) 0.255 
Rural residence used polluting fuels ** 394/12280 3.3 1.45 (1.03–2.04) 0.032 547/12280 4.5 
1.35 (1.02–
1.79) 0.036 631/12280 5.2 1.37 (1.05–1.78) 0.021 
Combined Association of Breastfeeding 
Status and Use of Cooking Fuel             
Ever breastfed & used clean fuels R* 11/1024 1.2 1.00 20/1024 2.1 1.00 24/1024 2.6 1.00 
Ever breastfed & used polluting fuels ** 249/11353 2.2 2.05 (1.12–3.78) 0.020 326/11353 2.9 
1.49 (0.94–
2.36) 0.089 384/11353 3.4 1.46 (0.96–2.22) 0.080 
Never breastfed & used clean fuels * 30/819 3.4 3.49 (1.74–7.02) 
<0.00
1 42/819 5.2 
2.73 (1.59–
4.69) 
<0.00
1 49/819 6.3 2.68 (1.63–4.41) 
<0.00
1 
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Never breastfed & used polluting fuels ** 283/5112 5.8 5.39 (2.94–9.92) 
<0.00
1 414/5112 8.5 
4.47 (2.83–
7.06) 
<0.00
1 466/5112 9.6 4.21 (2.77–6.41) 
<0.00
1 
Combined Association of Kitchen 
Location and Use of Cooking Fuel ***             
Outside kitchen used clean fuels R* 18/835 2.3 1.00 26/835 3.3 1.00 28/835 3.7 1.00 
Outside kitchen used polluting fuels ** 342/10791 3.1 1.46 (0.89–2.38) 0.130 450/10791 4.1 
1.33 (0.89–
2.01) 0.167 497/10791 4.5 1.35 (0.91–2.02 0.134 
Inside kitchen used clean fuels * 12/621 1.5 0.89 (0.42–1.87) 0.754 14/621 1.6 
0.72 (0.37–
1.39) 0.33 20/621 2.7 0.96 (0.53–1.73) 0.895 
Inside kitchen used polluting fuels ** 82/2383 3.1 1.59 (0.94–2.69) 0.084 126/2383 5.1 
1.69 (1.09–
2.62) 0.019 151/2383 6.1 1.88 (1.23–2.87) 0.003 
Note: R Reference category, a odds ratio, *clean fuels: electricity, liquid petroleum gas (LPG), natural gas, biogas, ** Polluting fuels: kerosene, coal/lignite, 
charcoal, wood, straw/shrubs/grass, agricultural crop and animal dung, ^ n=no. of mortality cases and N= total no. of children for neonatal, infant and under-
five age-group, p percentage of mortality cases. ***Analyses by these combined factors (location of kitchen and type of cooking fuel) were restricted for the 
year 2007-2011. 
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Discussion 
Under-five mortality in Bangladesh has decreased significantly over time, and the relative 
effect of household use of polluting fuels for cooking on differentials in under-five mortality 
has not changed substantially. The risk of death was higher in neonatal and infant age groups, 
and was generally consistent with previous studies in India and Nigeria (Ezeh et al., 2014, 
Tielsch et al., 2009). The risk of death also increased with a proxy measure of the level of 
exposure to HAP, with higher risk evident in households with indoor kitchens using polluting 
fuel compared to either indoor or outdoor kitchens using clean fuels. This was because young 
children less than one year of age were more likely to be indoors or be carried by mother and 
exposed to higher levels of HAP while cooking (Bruce et al., 2000, Munroe and Gauvain, 
2012, Smith and Mehta, 2003). These findings are biologically plausible as polluted cooking 
fuels had a high range of key pollutants such as fine particles, carbon monoxide (CO) and a 
number of other chemicals than clean cooking fuels which increased the risk of death among 
children. The risk of under-five mortality in all age-groups was slightly higher in urban areas 
compared to rural areas and in households with indoor (compared to outdoor) kitchens. There 
was also a lower risk of mortality in women who had ever breastfed compared to never 
breastfed which was consistent with its previously reported role in respiratory outcomes 
(Arifeen et al., 2001, Cushing et al., 1998, Heinig, 2001) and which appeared to attenuate the 
effects of polluting fuel use, with a higher risk of under-five mortality among never 
breastfeeding (compared to ever breastfeeding) women using polluting cooking fuels.  
 
This was the first assessment of HAP from cooking fuel and under-five mortality in 
Bangladesh. In this study, we found urban children were at slightly higher risk of death than 
children from rural areas, despite the fact that most rural households (98%) and 63% of urban 
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households use polluting fuels for cooking. A previous study from Indonesia conducted 
similar analyses of the association between HAP and under-five mortality for urban and rural 
areas and identified that neonatal mortality was higher in urban areas than rural areas 
(Kashima et al., 2010). HAP related studies in Bangladesh had predominantly focussed on 
non-fatal respiratory infections, with these studies showing impacts of exposure to cooking 
fuel on child health mainly in urban areas (Gurley et al., 2013a, Gurley et al., 2013b, 
Khalequzzaman et al., 2007, Khalequzzaman et al., 2011, Khalequzzaman et al., 2010, 
Murray et al., 2012). One of those studies compared urban and rural areas with HAP and the 
health of children in households using biomass fuels and identified pollutant levels were 
higher in urban households (Khalequzzaman et al., 2011). Although cleaner fuel was 
common in urban areas, in most of the urban slums and peri-urban areas biomass fuel was 
used along with primarily cleaner fuels as there was always a shortage of cleaner fuels 
(natural gas/LPG) (Gurley et al., 2013b).  
 
Moreover, house and kitchen characteristics were different in urban and rural areas. In urban 
areas, wall and roof materials in dwellings are more commonly brick and tin whereas in rural 
areas the wall and roof materials are wood, thatch, mud or bamboo (Khalequzzaman et al., 
2011). In many instances, broken sections in the bamboo or wood wall create natural 
ventilation to reduce the effects of HAP (Khalequzzaman et al., 2007). Dwellings in urban 
areas are located in close proximity with one another, while in the rural areas household are 
more widely spaced at a distance allowing more air flow and a more rapid dissemination of 
pollutants (Khalequzzaman et al., 2011). Other factors like a greater number of people in 
rooms, fewer windows and doors, and the location of the kitchen (in the house) may also 
increase the risk of child deaths in peri-urban areas from exposure to cooking fuels. 
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Breastfeeding has previously been shown to protect infants against infection and has been 
reported as a protective factor for reducing the risk of respiratory illness among infants 
(Arifeen et al., 2001, Cushing et al., 1998), and thus was a behaviour that might attenuate the 
association between HAP and under-five mortality. Analyses that combined breastfeeding 
status also found substantial differences in the association between HAP from cooking fuel 
and under-five mortality between women who did or did not breastfeed. Analyses that 
incorporated the location of kitchen found a higher risk of neonatal, infant and under-five 
mortality when women reported an inside kitchen and used polluting fuels cooking. Children 
from poorer socio-economic conditions (such as those from poorer households, and mothers 
with no education and poor household materials) and maternal age (such as younger mother) 
were also found to be at greater risk of death from exposure in all age-groups which was also 
consistent with previous similar studies (Bassani et al., 2010, Epstein et al., 2013, Kashima et 
al., 2010, Pandey and Lin, 2013, Rehfuess et al., 2009, Rinne et al., 2007, Tielsch et al., 2009, 
Wichmann and Voyi, 2006). 
 
There are a number of methodological considerations to be taken into account when 
interpreting these findings. This was a cross-sectional study design based on secondary data, 
with a number of potential sources of bias including selection, misclassification and recall 
bias. Firstly, the classification of cooking fuel may be a source of misclassification bias, as 
some households use a combination of polluting and clean fuels. Moreover, the DHS survey 
only collected information of primary fuel use, and there was no data for secondary fuel use. 
One recent study on Bangladesh indicated that dwellings reporting gas as their primary fuel 
frequently shift to cooking with biomass fuels during shortages of gas supply which may 
cause higher concentrations of HAP (Gurley et al., 2013b), and attenuate associations 
between HAP from cooking fuel and under-five mortality. In addition, this study did not 
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account for past exposure to HAP or recent changes in cooking methods because of its cross-
sectional design. 
 
Secondly, information on birth and death of children was self-reported by mothers, which 
may be a source of recall bias. The present study constrained analyses to those children born 
within a five-year period prior to the survey date in order to minimise the likelihood of recall 
bias (and maximise the study sample size). Thirdly, this study used cross-sectional data for 
analysis, and it is difficult to clearly define temporal relationships between the exposure and 
outcome when collected at the same point of time. Another limitation of this current analysis 
was its relatively small sample size and lack of statistical power. Because of the small 
number of cases, measures of the association had wide confidence intervals when analyses 
were stratified by geographical location (particularly analyses for rural areas), breastfeeding 
status and kitchen location.  
 
Furthermore, we considered all-cause mortality for our analysis of the association between 
HAP and under-five mortality. The cause of death information was not available in the 
BDHS dataset used for this study. Verbal autopsy questionnaires are employed for 
identifying the cause in Bangladesh, however, this information is of variable quality and were 
not collected for all years (not available in BDHS 2007).  Not only pneumonia and acute 
respiratory infections but also other factors, such as preterm birth complications, low birth 
weight, nutritional conditions and diarrhoea also affect mortality among under-five children. 
On the basis of 2011 BDHS report, pneumonia remained the largest single cause of under-
five deaths in Bangladesh, accounting for one-fifth of all deaths (National Institute of 
Population Research Training - NIPORT/Bangladesh et al., 2013). The 2010 Global Burden 
100 
 
of Disease (GBD) study also indicated that acute lower respiratory infection was the leading 
cause of death in infancy period and second leading cause of death (after drowning) in under-
five children in Bangladesh (Institue of Health Metrics and Evaluation - IHME, 2010c). HAP 
from cooking fuel is a primary cause of respiratory infections among under-five children and 
thus can be associated with the deaths caused by those illnesses. However, including all-
cause mortality will also include mortality outcomes not associated with HAP, which is likely 
to be a source of ascertainment bias in the outcome, and lead to an underestimation of the 
association between HAP from cooking fuel and the cause-specific outcomes noted above. 
 
This study also did not measure actual levels of exposure to emission from cooking smoke. 
Proxy environmental and behavioural measures were defined to examine the effects of level 
of exposure. Location of kitchen has previously been investigated to be an important factor in 
studies of developing countries associated with HAP and under-five mortality (Rehfuess et 
al., 2009, Rinne et al., 2007, Wichmann and Voyi, 2006), which was also consistent with 
observed associations between HAP from cooking fuel and under-five mortality in the 
present study (restricted to the two surveys - 2007 and 2011 - where this information was 
available). Several studies in Bangladesh have noted a significant association between the 
location of kitchen and HAP (Dasgupta et al., 2006, Dasgupta et al., 2009, Gurley et al., 
2013b, Khalequzzaman et al., 2011, Khalequzzaman et al., 2010, Murray et al., 2012). 
 
Despite these methodological concerns, this present study used large-scale nationally 
representative DHS data with a very high response rate of 98.3%, and was the first study to 
pool datasets over a long period (2004-2011), a period in Bangladesh characterised by rapid 
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socio-economic development. No previous studies have investigated trends and differentials 
in the association between HAP from cooking fuel and under-five mortality in Bangladesh 
over this long period, or assessed the role of environmental and behavioural factors that may 
be points of intervention and health promotion at the national level in the Bangladeshi 
context.  
 
The magnitude of the association between HAP from cooking fuel and under-five mortality 
remained consistent over time in all age-groups. However, increased exposure to cooking fuel 
can raise the risk of respiratory illness and child deaths in developing countries like 
Bangladesh. Studies have found that there is little use of cleaner fuels in rural areas 
(Dasgupta et al., 2006) and 50% of urban and peri-urban households still rely on polluting 
fuels for domestic energy (National Institute of Population Research Training - 
NIPORT/Bangladesh et al., 2013). In addition, with only 14% of the total population having 
access to electricity, Bangladesh has the lowest per capita energy consumption in South Asia 
where the major primary energy source is biomass/wood (57%), with the remainder being 
supplied from natural gas (29%) (Lahiri-Dutt, 2006, Rouse, 2000). Despite the potentially 
small relative risk of under-five mortality associated with HAP, it remains a common 
exposure in the population and therefore the population attributable risk - of this preventable 
risk factor - is a public health priority for Bangladesh.  
 
Awareness-raising of the health risk related to HAP and the use of polluting fuel is needed in 
rural and low-income urban areas. Radio and television have been identified as useful media 
to raise awareness and to reach poorer sub-groups of the population (Ahmed, 2003, Rouse, 
2000). Many countries like Brazil, Bolivia, Ecuador have decreased exposure to pollution 
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from cooking fuel by promoting liquid fuel supported by government policy (Pandey and Lin, 
2013, Polsky and Ly, 2012). Switching to clean fuel is advisable, however, it is an expensive 
option for many poor families in Bangladesh (Dasgupta et al., 2006). Behavioural change 
interventions would also have potential in Bangladesh to reduce child exposure from cooking 
fuel (Barnes, 2014). Studies from Bangladesh suggested that improvements in natural 
household ventilation, particularly windows and improved stoves (for example, new biofuel 
stove design) might lead to a reduction in HAP (Dasgupta et al., 2006, Dasgupta et al., 2009, 
Murray et al., 2012). In the Bangladesh context, behavioural interventions are likely to play 
an important role in decreasing childhood deaths by promoting the use of improved cooking 
stoves, increased natural household ventilation, and to not carry babies while cooking. 
 
Conclusion 
Bangladesh is a country where overall under-five mortality rates have decreased substantially 
over the study period (2004-2007). While HAP from cooking fuel was associated with a 
modest increase in the risk of mortality in children under five, the ubiquitous use of solid 
cooking fuel in Bangladesh and associated population attributable risk, confirms HAP as an 
important public health problem. Cooking fuel is a modifiable risk factor that can be changed 
by improvements in house design, health system policies, infrastructure, behavioural 
intervention and economic development. 
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Supporting information 
Table S1: Total number and proportion of women by study characteristics for each 
year of the survey 
  2004 2007 2011 
Study factors N N (%) N N (%) N N (%) 
Type of cooking fuel   
Clean fuel 453 7.74 481 9.71 909 12.12 
polluting fuel 5399 92.26 4473 90.29 6593 87.88 
Wealth Index   
High income 827 14.13 918 18.53 1767 23.55 
Middle income 1878 32.09 1731 34.94 2982 39.75 
Low income 3147 53.78 2305 46.53 2753 36.7 
Maternal age   
40-49 167 2.86 118 2.38 207 2.76 
<20 971 16.61 768 15.5 930 12.41 
20-29 3445 58.94 3032 61.2 4789 63.91 
30-39 1262 21.59 1036 20.91 1567 20.91 
Maternal education   
Secondary or higher 2022 34.55 2213 44.67 3752 50.01 
Primary 1796 30.69 1553 31.35 2324 30.98 
No education 2034 34.76 1188 23.98 1426 19.01 
Maternal working status   
 Working 1062 18.15 1309 26.42 742 9.89 
Not working 4790 81.85 3645 73.58 6760 90.11 
Sex of child   
Female 2873 49.09 2461 49.68 3651 48.67 
Male 2979 50.91 2493 50.32 3851 51.33 
Wall material of house *   
cement/brick 1072 18.32 2668 53.86 4730 63.05 
non-cement/non- brick 4770 81.51 1773 35.79 1985 26.46 
Breastfeeding Status   
ever breastfed 4141 70.76 3376 68.15 4860 64.78 
never breastfed 1711 29.24 1578 31.85 2642 35.22 
Place of residence   
Urban 1802 30.79 1755 35.43 2331 31.07 
Rural 4050 69.21 3199 64.57 5171 68.93 
Location of kitchen **   
Outside of house . . 4542 75.05 7084 82.44 
Inside of house . . 1499 24.77 1505 17.51 
 * Percentage did not add up to 100% because of missing values. ** No observation was available 
before year 2007 and percentage did not add up to 100% because of missing values. 
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Chapter Six 
HAP from cooking fuel and under-five mortality in India 
 
Synopsis of chapter 
HAP- predominantly from cooking fuel is a major public health hazard and one of the leading 
causes of respiratory illness and deaths among children under-five years in India. 
Approximately, 90% of rural population in the country depend on solid fuels such as wood, 
animal dung, crop residues, charcoal and coal for cooking and heating their home which 
increase the risk of health problems in children under-five years associated with HAP. 
Previous studies from India have reported the association between HAP and morbidity and 
mortality among young children; however, those studies have been limited to hospital based 
data or specific regional area or not exclusively limited to HAP from cooking fuel. Moreover, 
those studies did not investigate the change of the association over time or the role of 
potential environmental and behavioral factors associated with HAP from cooking fuel and 
under-five mortality using national level data for India. This present study identified a 
decreasing trend for under-five mortality among Indian population associated with HAP from 
the use of cooking fuel in the household. There was an evidence of significant association 
between HAP from cooking fuel and mortality in all age-groups of children in this study. 
Furthermore, the association was stronger for households in rural areas and for households 
without a separate kitchen using polluting fuels for cooking, and in children whose mother 
had never breastfed. 
 
Citation  
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The chapter of this thesis has been published in a peer-reviewed journal:  
NAZ, S., PAGE, A. & AGHO, K. E. 2016. Household air pollution and under-five mortality  
in India (1992-2006). Environmental Health, 15, 1. (Appendix C)      
 
Notes on data source and analysis 
All the publicly available DHS datasets for India with available information on exposure 
variable (cooking fuel) was used in this study. For identifying country-specific potential 
confounders, this Indian study used a combination of a priori evidence from previous similar 
studies, and an assessment of selected covariates in descriptive univariate analyses. Then 
selected confounders were used for analysing the association between HAP from cooking 
fuel and under-five mortality. Stratified analyses combining place of residence (urban or 
rural) and use of cooking fuel were not conducted for this Indian study as a result of 
insufficient data on two different levels of the variable “place of residence”. In order to 
maintain the uniformity throughout the thesis, some texts, formats and tables are slightly 
changed from the original publication in this chapter.   
 
Candidate’s contribution 
In this article, the candidate obtained the data; contributed to the conception of the research 
questions and study design; performed the literature review and data analyses; interpreted the 
data; drafted the initial manuscript and submitted the final manuscript to Environmental 
Health for consideration. The candidate was the corresponding author and responded to the 
Reviewer’s comments in consultation with co-authors; submitted the revised version of the 
manuscript; proof read the final revised manuscript and also approved the final proof read 
manuscript as published. 
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Introduction 
India is the second most populous and seventh largest country by area in the world located in 
South Asia, and currently is one of the ten fastest growing economies in the world 
(International Institute for Population Sciences - IIPS/India and Macro International, 2007). 
In the last five decades in India, there has been an extensive improvement in poverty 
reduction, literacy, health standards and human development, however, there remains 
significant population challenges in relating to health and sanitation (International Institute 
for Population Sciences - IIPS/India and Macro International, 2007). More than 90% of the 
rural population and 31% of the urban population in India still rely primarily on solid fuels as 
a domestic source of energy (Chakraborty et al., 2014, International Institute for Population 
Sciences - IIPS/India and Macro International, 2007, Sinha et al., 2006). Household air 
pollution (HAP) from solid fuels (such as wood, animal dung, crop residues, charcoal and 
coal) for cooking and heating is a substantial cause of respiratory illness and death, due to a 
range health damaging pollutants such as fine particles, carbon monoxide (CO2), nitrogen 
oxides (NO2), sulphur dioxide (SO2), benzene, butadiene, formaldehyde, polyaromatic hydro-
carbons and a number of other chemicals, (Naeher et al., 2007, WHO, 2006) and remains a 
major public health concern in the developing world (Fullerton et al., 2008, Smith and Mehta, 
2003). A recent study from India indicated that 56% of children aged under-five remained 
with their mother at all times during cooking (Chakraborty et al., 2014), and that proximity to 
smoke from solid fuel use is associated with an increase in the risk of health problems among 
young children (Martin II et al., 2014, Rehfuess et al., 2011). 
 
According to World Health Organization (WHO), 3.5% of the total burden of disease in India 
country has been attributable to HAP (WHO, 2007) and a previous study from India has 
indicated that solid fuel use was responsible for 20% of deaths among children <5 years 
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(Bassani et al., 2010, Upadhyay et al., 2015). In addition, 24% of total deaths among children 
under five in India was associated with acute respiratory illness (ARIs) (WHO, 2014b, 
Upadhyay et al., 2015) which has also been identified as the leading cause of death of 
children less than five by the 2010 Global Burden of disease (GBD) study (Institue of Health 
Metrics and Evaluation - IHME, 2010d). The under-five mortality in India declined from 125 
per 1,000 live births in 1990 to 74.6 per 1,000 live births in 2005-06 (Patel et al., 2011), and 
despite projections that it will further decline to 70 per 1,000 live births by 2015, this still 
does not achieve the Millennium Development Goal 4 (MDG4) target of 42 per 1,000 live 
births to reduce mortality among children under five by two-thirds (Patel et al., 2011). 
 
A number of previous studies in India have reported the effects of HAP on respiratory 
diseases among young children (Broor et al., 2001, Mahalanabis et al., 2002, Mishra et al., 
2005, Ramesh Bhat et al., 2012, Sharma et al., 1998, Upadhyay et al., 2015) and associations 
between HAP and under-five mortality with other health outcomes (e.g., low birth weight, 
respiratory illnesses among young children) (Bassani et al., 2010, Epstein et al., 2013, Pandey 
and Lin, 2013, Tielsch et al., 2009). However, those studies have been limited to surveys of 
specific geographic areas, or hospital based data sources for specific regional populations or 
focused on all types of HAP (for example, including tobacco use), and not exclusively 
cooking fuel (Gurley et al., 2013a, Gurley et al., 2013b, Khalequzzaman et al., 2007, 
Khalequzzaman et al., 2011, Khalequzzaman et al., 2010, Murray et al., 2012). To date, no 
studies in India have examined changes in the association between HAP from cooking fuel 
and under-five mortality over time, or investigated the role of environmental and behavioural 
factors that might affect the level of exposure to HAP (for example, place of residence, the 
location of the kitchen, and breastfeeding status).  Accordingly, the objective of this study 
was to investigate trends in the association between HAP from cooking fuel and under-five 
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mortality for four age groups (neonatal, post-neonatal, child and under-five), and to assess 
how this is affected by key environmental and behavioral factors using large-scale nationally 
representative data over the period 1992-2006.   
 
Methods 
Data sources 
The data in this study were extracted from India’s National Family and Health Survey 
(NFHS) datasets for the years 1992-93 (NFHS-1), 1998-99 (NFHS-2) and 2005-06 (NFHS-
3). The NFHS are nationwide surveys based on a representative sample of households 
throughout the country under the authority of the Ministry of Health and Family Welfare 
(MOHFW), Government of India, and implemented by the International Institute for 
Population Sciences (IIPS), Mumbai with technical assistance from Macro International of 
Calverton, Maryland, USA, as a part of its Demographic and Health Surveys program 
(International Institute for Population Sciences - IIPS/India, 1995, International Institute for 
Population Sciences - IIPS/India and Macro International, 2007, International Institute for 
Population Sciences - IIPS/India and ORC Macro, 2000). To date, the three NFHS surveys 
(NFHS-1, NFHS-2 & NFHS-3) have collected demographic and health data by interviewing 
ever-married women (aged 15-49 years) and men (aged 15-54 years) using a stratified sample 
of households based on a two-stage cluster design (International Institute for Population 
Sciences - IIPS/India, 1995, International Institute for Population Sciences - IIPS/India and 
Macro International, 2007, International Institute for Population Sciences - IIPS/India and 
ORC Macro, 2000). NFHS-3 covered all 29 states of India, which includes more than 99% of 
India’s population (International Institute for Population Sciences - IIPS/India and Macro 
International, 2007). 
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A total of 303,361 ever-married women of reproductive age (112,357 from urban and 
191,009 from rural areas) were included in the three datasets with a response rate of 95.4% in 
women across the three datasets (NFHS-1, NFHS-2 and NFHS-3). This study was based on 
information relating to 166,382 singleton live-born children, of whom 11,311 died in the 5-
years prior to the survey. An index period of five years was to minimize recall bias of child 
birth and death information self-reported by the mother. 
 
Study outcomes 
The analysis for under-five (age between 0-59 months) mortality was carried out for three 
successive age groups: neonatal, post-neonatal and child mortality, using the following 
definitions: 
 Neonatal mortality: The number of deaths during the first 28 days of life (0-28 days). 
Defined as, Number of neonatal deaths/ Total number of live births 
 Post-neonatal mortality: The number of deaths between one month and the first 
birthday (1-11 months). Defined as, Number of post-neonatal deaths/ Total number of 
live births 
 Child mortality: The number of deaths between exact ages one and five (12-59 
months). Defined as, Number of child deaths / Total number of live births 
 
The outcome variables were considered dichotomous for the analysis, where age at death was 
either yes (=1) denoting death occurred during these any three periods of age or no (=0) 
denoting the child survived during the age-period.  
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Exposure to cooking fuel 
The main exposure variable was the type of cooking fuel used in the household. The 
respondents were asked, “What type of fuel does your household mainly use for cooking?” 
and in response, 12 types of cooking fuel were reported. In the analysis, these fuels were 
grouped into two categories on the basis of exposure to cooking smoke: “clean fuels” 
(electricity, liquid petroleum gas (LPG), natural gas and biogas) and “polluting fuels” 
(kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass, agricultural crop waste and dung 
cakes). NFHS analyses have previously classified cooking fuel as “solid” and “non-solid” 
fuels, where kerosene was categorised in the non-exposed (i.e. “clean fuel”) group 
(International Institute for Population Sciences - IIPS/India, 1995, International Institute for 
Population Sciences - IIPS/India and Macro International, 2007, International Institute for 
Population Sciences - IIPS/India and ORC Macro, 2000). However, some previous studies 
have reported kerosene as a polluting fuel and have found significant associations between 
under-five mortality or respiratory illness among children and kerosene fuel use (Choi et al., 
2015, Epstein et al., 2013, Wichmann and Voyi, 2006). For this reason, kerosene was 
categorised in the polluting fuels group.  
 
Potential confounders 
Place of residence (categorized as “urban” or “rural”), household wealth index (categorized 
as “high income”, “middle income” or “low income”), maternal education (categorized as 
“secondary or higher”, “primary” or “no education”), maternal working status ( categorized 
as “working” or “not working”) and type of house (categorized as “pucca”, “semi-pucca” or 
“kachha”) were included as markers of socio-economic status, and have previously been 
identified as potential confounders of the association between HAP and under-five mortality 
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(Bassani et al., 2010, Epstein et al., 2013, Ezeh et al., 2014, Kashima et al., 2010, Naz et al., 
2015, Pandey and Lin, 2013, Rehfuess et al., 2009, Rinne et al., 2007, Tielsch et al., 2009, 
Wichmann and Voyi, 2006). The household wealth index was constructed using principal 
components analysis, with weights for the wealth index calculated by giving scores to the 
asset variables such as ownership of transport, durable goods and facilities in the household 
(Filmer and Pritchett, 2001, International Institute for Population Sciences - IIPS/India and 
Macro International, 2007). “Low income” referred to the bottom 40% of households, 
“middle income” referred to the middle 40% of households, and “high income” referred to 
the top 20% of households, based on the approach described by Filmer and Pritchett (Filmer 
and Pritchett, 2001). Maternal age (categorized as <20, 20-29, 30-39 and 40-49 years) and 
sex of the child (categorized as “female” or “male”) were also considered as potential 
confounders of the association between HAP from cooking fuel and under-five mortality.  
 
Breastfeeding status of children (categorized as ever breastfed “yes” or “no”) and location of 
the kitchen (categorized as a separate room used as kitchen “yes” or “no”) were also 
considered a priori factors that may indicate different levels of exposure to HAP from 
cooking fuels. No separate kitchen used for cooking in the household as an indicator of 
proximity to polluting fuel use has also been presented to be an significant factor associated 
with high exposure to HAP (Dasgupta et al., 2006, Gurley et al., 2013a, Khalequzzaman et 
al., 2007, Khalequzzaman et al., 2011, Khalequzzaman et al., 2010, Naz et al., 2015, 
Rehfuess et al., 2009). Additionally, breastfeeding has been shown to be a protective factor 
for under-five mortality, generally in neonatal and infancy period (Arifeen et al., 2001, Black, 
2003, Cushing et al., 1998, Ezeh et al., 2014, Heinig, 2001, Wichmann and Voyi, 2006) 
which may reduce the greater risk of exposure associated with HAP. Hence, analyses sought 
to determine whether the magnitude of the association between HAP from cooking fuel and 
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under-five mortality differed by past breastfeeding status. Descriptive characteristics of study 
factors were provided as a supporting information in Table S2. 
 
Statistical Analysis 
The association between type of cooking fuels and under-five mortality was investigated 
using a series of multilevel logistic regression models adjusted for the potential confounders 
of household wealth, place of residence, maternal age, maternal education, maternal working 
status, sex of child, breastfeeding status, kitchen location and type of house. Changes in 
neonatal, post neonatal, child and under-five mortality incidences from HAP over time were 
also investigated using a trend analysis across 1992-93, 1998-99 and 2005-06 NFHS data by 
specifying ‘period’ as a continuous variable. To identify the overall effect of HAP from 
cooking fuel with neonatal, post-neonatal, child and under-five mortality, pooled analyses 
were also conducted. The extent of divergence or convergence between the slopes of period 
specific trends within each variable over the study period (1992-2006) was assessed by 
testing the interaction between period and a given confounding variable using likelihood ratio 
tests. 
 
Stratified analyses were also conducted by breastfeeding status and by the location of kitchen 
to determine whether the magnitude of the effect of the exposure on outcomes differed across 
levels of these variables. Breastfeeding status (ever breastfed “yes” or “no”) and location of 
the kitchen (separate room used as kitchen “yes” or “no”) were each also combined with the 
type of cooking fuel as composite ordinal variables to investigate the different level of 
exposure to HAP from cooking fuel for under-five mortality outcomes. 
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The “Svy” command was used for calculating weighted cumulative incidence estimates of 
mortality to adjust for the cluster sampling survey design. Random effects multilevel logistic 
regression models were conducted by using the “xtlogit” command and for likelihood ratio 
test for interaction “lrtest” command was used. Adjusted risk differences were also estimated 
from logistic regression model using the “margins” command. All analyses were carried out 
in STATA version 13.1 (Stata Corp: College Station, TX, USA). 
 
Ethics 
The Demography and Health Survey (DHS) project sought and obtained the required ethical 
approvals from ethics committees in India before the surveys were conducted. Informed 
consent was obtained from study participants before their participation in the surveys. 
Publicly available, de-identified datasets were used in this study following approval from The 
DHS Program. 
 
Results 
The overall under-five mortality incidence proportion in India decreased from 8.7% per year 
in 1992 to 6.6% per year in 2006 for those using polluting fuels for cooking. Decreasing 
trends were also evident for each age group, where the neonatal mortality incidence 
proportion declined from 4.5% in 1992 to 3.9 % in 2006, post-neonatal mortality incidence 
proportion from 2.7% in 1992 to 1.7% in 2006 and child mortality incidence proportion from 
1.5% in 1992 to 0.9% in 2006 (Figure 15). Use of polluting fuels (kerosene, coal/lignite, 
charcoal, wood, straw/shrubs/grass, agricultural crop waste and dung cakes) for cooking was 
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associated with a higher risk of post-neonatal (OR=1.42, 95%CI=1.19-1.71, P<0.001) and 
child mortality (OR=1.42, 95%CI=1.05-1.91, P=0.021) than neonatal mortality (OR=1.23, 
95%CI=1.09-1.39, P=0.001) after adjusting for household wealth, place of residence, 
maternal age,  maternal education, maternal working status, sex of child, breastfeeding status, 
kitchen location and type of house (Table 11). Use of polluting fuels and under-five mortality 
showed statistically significant association (OR=1.30, 95%CI=1.18-1.43, P<0.001) after 
adjusting for confounders (Figure 16). Corresponding risk differences between use of clean 
fuel and polluting fuel were found (0.68%, 95%CI=0.33%-1.03%) for neonatal, (0.61%, 
95%CI=0.35%-0.87%) for post-neonatal, (0.34%, 95%CI=0.28%-0.40%) for child mortality 
and (1.50%, 95%CI=1.01%-1.99%) for overall under-five mortality. 
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Figure 15: Mortality trend in all age-groups of children under-five associated with HAP 
from cooking fuel in India 
Note: P for interaction based on likelihood ratio test of ‘period’ by ‘exposure to polluting fuels’. Odds 
ratios (OR) for linear trend (i.e. the period effects) for each exposure group (clean or polluting fuel) 
were adjusted for wealth index, place of residence, maternal age, maternal education, maternal 
working status, sex of child, breastfeeding status, kitchen location and type of house. 
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Table 11: HAP from cooking fuel associated with neonatal, post neonatal and child mortality in India: a pooled analysis for 1992-2006  
  Neonatal Post neonatal Child 
Study factors n^ n (%)P OR a 95%CI P value n^ n (%)P OR a 95%CI P value n^ n (%)P OR a 95%CI P value 
Type of Cooking Fuel             
Clean fuel R* 565 2.1 1.00  216 0.8 1.00  69 0.3 1.00  
Polluting fuel** 5517 4.2 1.23 (1.09-1.39) 0.001 3138 2.3 1.42 (1.19-1.71) <0.001 1806 1.3 1.42 (1.05-1.91) 0.021 
Place of Residence             
Urban R 1366 2.9 1.00  723 1.4 1.00  307 0.7 1.00  
Rural 4716 4.3 1.15 (1.06-1.24) 0.001 2631 2.3 1.05 (0.94-1.16) 0.383 1568 1.4 1.16 (0.99-1.35) 0.054 
Wealth Index             
High income R 587 2.2 1.00  231 0.9 1.00  76 0.3 1.00  
Middle income 2111 3.6 1.27 (1.13-1.42) <0.001 1100 1.7 1.37 (1.15-1.63) <0.001 507 0.8 1.51 (1.13-2.02) 0.005 
Low income 3328 4.7 1.58 (1.39-1.79) <0.001 1980 2.6 1.78 (1.48-2.14) <0.001 1271 1.7 2.37 (1.76-3.18) <0.001 
Maternal Age             
40-49 R 187 4.9 1.00  135 3.4 1.00  90 2.3 1.00  
<20 702 6.4 2.25 (1.88-2.68) <0.001 308 2.6 1.37 (1.11-1.71) 0.004 75 0.7 0.43 (0.32-0.60) <0.001 
20-29 3921 3.8 1.22 (1.04-1.43) 0.013 2144 2.0 0.98 (0.81-1.18) 0.814 1169 1.1 0.80 (0.64-1.01) 0.052 
30-39 1268 3.5 0.93 (0.79-1.09) 0.404 767 2.1 0.81 (067-0.99) 0.038 541 1.6 0.86 (0.68-1.08) 0.192 
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Maternal Education             
Secondary/ Higher R 1301 2.6 1.00  499 0.9 1.00  178 0.3 1.00  
Primary 944 3.9 1.28 (1.16-1.41) <0.001 505 1.9 1.66 (1.44-1.91) <0.001 199 0.8 1.56 (1.25-1.94) <0.001 
No education 3825 4.7 1.52 (1.40-1.65) <0.001 2344 2.7 2.17 (1.92-2.45) <0.001 1496 1.7 2.67 (2.22-3.22) <0.001 
Maternal Working Status             
Working R 2035 4.4 1.00  1145 2.3 1.00  769 1.6 1.00  
Not working 4047 3.8 1.02 (0.97-1.09) 0.424 2209 2.0 1.05 (0.97-1.13) 0.233 1106 1.0 0.85 (0.77-0.93) 0.001 
Sex of Child             
Female R 2705 3.7 1.00  1721 2.3 1.00  1108 1.5 1.00  
Male 3377 4.2 1.17 (1.10-1.23) <0.001 1633 1.9 0.87 (0.81-0.93) <0.001 767 0.9 0.64 (0.58-0.71) <0.001 
Breastfeeding Status             
Ever breastfed R 2488 2.5 1.00  1389 1.3 1.00  946 0.9 1.00  
Never breastfed 3594 7.2 3.64 (3.44-3.86) <0.001 1965 3.7 3.59 (3.33-3.87) <0.001 929 1.8 2.34 (2.13-2.58) <0.001 
Separate Kitchen             
Yes R 2601 3.4 1.00  1321 1.7 1.00  610 0.8 1.00  
No 3043 4.5 1.16 (1.09-1.22) <0.001 1827 2.6 1.24 (1.15-1.34) <0.001 1153 1.6 1.45 (1.30-1.61) <0.001 
Type of House             
Pucca R 1104 3.5 1.00  557 1.6 1.00  264 0.8 1.00  
Semi-pucca 1975 3.7 0.98 (0.91-1.07) 0.687 1661 2.0 1.04 (0.93-1.17) 0.454 583 1.1 0.99 (0.84-1.16) 0.874 
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Kachha 2985 4.4 1.16 (1.09-1.22) 0.003 1122 2.4 1.08 (0.97-1.21) 0.148 1020 1.5 1.20 (1.03-1.41) 0.017 
Year of Survey 
1992-1993R 2391 4.3 1.00  1438 2.5 1.00  788 1.4 1.00  
1998-1999 2104 4.0 0.95 (0.89-1.02) 0.137 742 2.1 0.88 (0.81-0.95) 0.002 731 1.4 1.08 (0.97-1.20) 0.161 
2005-2006 1587 3.6 0.88 (0.81-0.95) 0.002 1174 1.6 0.74 (0.67-0.82) <0.001 356 0.8 0.68 (0.58-0.79) <0.001 
Note: R Reference category, a odds ratio adjusted for wealth index, place of residence, maternal age, maternal education, maternal working status, sex of child, breastfeeding 
status, kitchen location, type of house and year of survey, *clean fuels: electricity, LPG, natural gas, biogas, ** Polluting fuels: kerosene, coal/lignite, charcoal, wood, 
straw/shrubs/grass, agricultural crop and animal dung, ^ n=number of mortality cases of children for neonatal, post neonatal and child age-group,  p percentage of  mortality 
cases.
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Figure 16: HAP associated with overall under-five mortality in India: a pooled analysis 
for 1992-2006. 
 Note: Ref= Reference category; OR= odds ratio adjusted for wealth index, place of residence, 
mother’s age, maternal education, maternal working status, sex of child, breastfeeding status, kitchen 
location, type of house and year of survey; clean fuels= electricity, LPG, natural gas, biogas; Polluting 
fuels= kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass, agricultural crop and animal dung; 
Type of house=pucca, semi-pucca and kachha; n=number of mortality cases of children for neonatal, 
post neonatal and child age-group and N=total number of under-five children; n(%)= percentage of  
mortality cases. 
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Stratified analyses to examine different levels of exposure to HAP from cooking fuel showed 
more than 5-fold greater risk of mortality in children who had never breastfed and whose 
mother used polluting fuels for cooking (compared to breastfeeding children whose mother 
used clean fuels), with robust associations evident for child (OR=10.47 95%CI=7.13-15.37, 
P<0.001) and post-neonatal (OR=8.87 95%CI=6.94-11.33, P<0.001) mortality than neonatal 
(OR=5.36 95%CI=4.65-6.19, P<0.001) mortality (Table 12). In addition, the risk of under-
five mortality was also higher for the women who ever breastfed but used polluting fuel for 
cooking (Table 12).  
 
Analyses combining location of kitchen (separate room used as kitchen or not) and use of 
cooking fuels, showed strong evidence of an association between households using polluting 
fuels and no separate kitchen (compared to households with a separate kitchen who used 
clean fuel for cooking), with stronger associations for child mortality (OR=7.37, 
95%CI=5.56-9.76, P<0.001) than post-neonatal (OR=4.03, 95%CI=3.40-4.78, P<0.001) and 
neonatal mortality (OR=2.34, 95%CI=2.11-2.59, P<0.001)  (Table 12). There was also an 
indication of association between use of polluting fuels in a separate kitchen and neonatal, 
post-neonatal and child mortality (Table 12). A sensitivity analysis was conducted including 
kerosene as a “clean fuel” group which did not change results substantially (only 6.94% of 
women reported the use of kerosene for cooking in three survey years) (data not shown).  
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Table 12: Risk of mortality by breastfeeding status and kitchen location 
  Neonatal Post neonatal Child 
Study Factors n^ n (%)P OR a 95%(CI) 
P 
value n^ n (%)P OR a 95%(CI) 
P 
value n^ n (%)P OR a 95%(CI) 
P 
value 
Combined Association 
of  Breastfeeding Status 
and Use of Cooking fuel             
Ever breastfed & used 
clean fuels R* 203 1.5 1.00  67 0.6 1.00  27 0.2 1.00  
Ever breastfed & used 
polluting fuels ** 2285 2.6 1.58 (1.37-1.83) <0.001 1322 1.4 2.76 (2.16-3.53) <0.001 919 1.0 4.72 (3.22-6.92) <0.001 
Never breastfed & used 
clean fuels * 362 2.7 1.73 (1.46-2.06) <0.001 149 1.0 2.15 (1.61-2.87) <0.001 42 0.3 1.49 (0.92-2.41) 0.109 
Never breastfed & used 
polluting fuels ** 3232 8.2 5.36 (4.65-6.19) <0.001 1816 4.4 8.87 (6.94-11.33) <0.001 887 2.2 10.47 (7.13-15.37) <0.001 
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Combined Association 
of  Kitchen Location 
and Use of Cooking fuel             
Separate kitchen used 
clean fuels R* 419 2.1 1.00  146 0.7 1.00  51 0.3 1.00  
Separate kitchen used 
polluting fuels ** 2182 3.8 1.83 (1.65-2.04) <0.001 1175 1.9 2.81 (2.36-3.34) <0.001 559 0.9 3.79 (2.84-5.05) <0.001 
No separate kitchen used 
clean fuels * 131 2.3 1.30 (1.06-1.58) 0.010 66 1.3 1.88 (1.40-2.51) <0.001 17 0.2 1.38 (0.80-2.39) 0.249 
No separate kitchen used 
polluting fuels ** 2912 4.6 2.34 (2.11-2.59) <0.001 1761 2.6 4.03 (3.40-4.78) <0.001 1136 1.7 7.37 (5.56-9.76) <0.001 
Note: R Reference category, a odds ratio, *clean fuels: electricity, LPG, natural gas, biogas, ** Polluting fuels: kerosene, coal/lignite, charcoal, wood, 
straw/shrubs/grass, agricultural crop and animal dung, ^ n= number of mortality cases of children for neonatal, post-neonatal and child age-group, p percentage 
of mortality cases.  
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Discussion 
Under-five mortality in India has declined substantially over time, however, the association 
between household use of polluting fuels for cooking and under-five mortality has not 
changed significantly over time. The risk of death was higher in post-neonatal and child age 
groups than the neonatal age-group, and were generally consistent with previous studies in 
India and Nigeria (Bassani et al., 2010, Epstein et al., 2013, Ezeh et al., 2014, Pandey and 
Lin, 2013, Tielsch et al., 2009). Findings are also consistent with proposed biological 
mechanisms relating to key pollutants such as fine particles, carbon monoxide (CO) and a 
number of other chemicals present in solid cooking fuels compared to clean cooking fuels. 
Under-five mortality in all consecutive age groups was higher in rural areas compared to 
urban and in households without a separate kitchen (compared to separate kitchen) for 
cooking their meals. There was also a lower risk of mortality in children who had ever 
breastfed compared to never breastfed which was consistent with its previously reported role 
in respiratory outcomes (Arifeen et al., 2001, Cushing et al., 1998, Heinig, 2001) and which 
appeared to attenuate the effects of polluting fuel use, with a higher risk of under-five 
mortality among never breastfeeding (compared to ever breastfeeding) women using 
polluting cooking fuels.  
 
This study found rural children were at greater risk of death than children from rural areas 
which was consistent with previous studies in India (Bassani et al., 2010, Epstein et al., 2013, 
Pandey and Lin, 2013). Approximately 90% of rural households in India depend on solid 
fuels as a domestic source of energy and the only option for cooking, whereas cleaner fuels 
(natural gas/LPG) were more common in urban areas (International Institute for Population 
Sciences - IIPS/India and Macro International, 2007). Other socioeconomic factors associated 
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factors (for example, kachha (poor) house, mothers with no education, and lower income) are 
also likely influences of the use of polluting fuels in rural areas.  
 
The location of kitchen has previously been shown to be an important factor in studies of 
HAP and under-five mortality in developing country settings (such as, African countries and 
Bangladesh) (Naz et al., 2015, Rehfuess et al., 2009), and are also consistent with observed 
associations between HAP from cooking fuel and under-five mortality in the present study 
which have not been shown before for India using nationally representative data sources. 
Analyses that incorporated the location of kitchen found a higher risk of neonatal, post-
neonatal and child mortality when mothers reported no separate kitchen and used polluting 
fuels for cooking. Moreover, this study found that households using polluting fuels in the 
indoor kitchen without partitions were at higher risk of death of their children under-five than 
household with separate kitchen both in urban and rural areas. Findings suggest that a 
separate kitchen in the household could reduce the death of young children even where 
polluting fuels were used for cooking. This is because households without a separate kitchen 
have higher concentrations of particles and children mainly less than five years of age were 
exposed to higher level of smoke as they spent many hours indoors (Prasad et al., 2012). 
 
Breastfeeding has previously been shown to protect infants against infection and has been 
reported as a protective factor for reducing risk of respiratory illness among infants (Arifeen 
et al., 2001, Cushing et al., 1998), and thus was a behaviour that was investigated to 
determine whether breastfeeding status might attenuate the association between HAP from 
cooking fuel and under-five mortality. Analyses showed substantial differences in the 
association between HAP from cooking fuel and under-five mortality between women who 
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did or did not breastfeed. The strong effect of the breastfeeding status of children was 
examined in the neonatal and post-neonatal period compared to older children whose mother 
reported using polluting fuels, but also breastfed their children. Therefore, breastfeeding in 
the first one year of life was found to be a protective factor for lower risk of mortality among 
young children associated with HAP, consistent with previous similar studies in Nigeria 
(Ezeh et al., 2014), but not previously shown in a South Asian context. 
 
There are a number of methodological considerations to be taken into account when 
interpreting these findings. This study was based on a series of cross-sectional secondary 
datasets, with a number of potential sources of bias including selection, misclassification and 
recall bias. Firstly, the classification of cooking fuel may be a source of misclassification 
bias, as some households use a combination of polluting and clean fuels. Moreover, the DHS 
survey only collected information of primary fuel use, and there was no data for secondary 
fuel use. For example, one recent study on India indicated that dwellings reporting kerosene 
as their primary fuel frequently shift to cooking with biomass fuel (such as wood) which may 
cause higher concentrations of HAP (Balakrishnan et al., 2011, Epstein et al., 2013) , and 
attenuate associations between HAP from cooking fuel and under-five mortality. In addition, 
this study did not account for past exposure to HAP or recent changes in cooking methods 
because of its cross-sectional design. 
 
Secondly, information on birth and death of children was self-reported by mothers, which 
may be a source of recall bias. The present study constrained analyses to those children born 
within a five-year period prior to the survey date in order to minimise the likelihood of recall 
bias (and maximise the study sample size). Thirdly, this study used cross-sectional data for 
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analysis, and it is difficult to clearly define temporal relationships between the exposure and 
outcome when collected at the same point of time.  
 
Furthermore, we considered all-cause mortality for our analysis of the association between 
HAP from cooking fuel and under-five mortality. The cause of death information was not 
available in the NFHS dataset used for this study. Verbal autopsy questionnaires are 
employed for identifying the cause of death in developing countries, including India; 
however, this information is often of variable quality and was not collected for India NFHS 
data. Not only pneumonia and acute respiratory infections but also other factors, such as 
preterm birth complications, low birth weight, nutritional conditions and diarrhoea also affect 
mortality among under-five children but we could not measure cause-specific death due to 
lack of data. The 2010 GBD study indicated that acute lower respiratory infection was the 
second leading cause of death (after preterm birth complications) in under-five children in 
India (Institue of Health Metrics and Evaluation - IHME, 2010d). HAP from cooking fuel is a 
primary cause of respiratory infections among under-five children and thus can be associated 
with the deaths caused by those illnesses. However, including all-cause mortality will also 
include mortality outcomes not associated with HAP, which is likely to be a source of 
ascertainment bias in the outcome, and lead to an underestimation of the association between 
HAP from cooking fuel and the cause-specific outcomes noted above. 
 
This study also did not measure actual levels and patterns of exposure to emission from 
cooking smoke due to the absence of such information in DHS data. Proxy environmental 
and behavioural measures were defined to examine the effects of level of exposure. Location 
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of kitchen was used as a proxy measure to investigate the effects of different level of 
exposure associated with HAP from cooking fuel and under-five mortality and several studies 
in India noted a significant association between HAP and kitchen location (Agrawal, 2012, 
Mishra et al., 2005, Mishra and Retherford, 1997, Prasad et al., 2012). Other proxy measures 
such as 'presence of window', and 'cooking under a chimney' were available at NFHS-3; 
however, this information were not collected in previous surveys. 
 
Despite these methodological concerns, this present study used large-scale nationally 
representative DHS data with a very high response rate of 95.4%, and was the first study to 
pool datasets over a long period (1992-2006), a period in India characterised by rapid socio-
economic development. No previous studies have investigated trends and differentials in the 
association between HAP from cooking fuel and under-five mortality in India over this long 
period, or assessed the role of environmental and behavioural factors that may be points of 
intervention and health promotion at the national level in the Indian context to further 
contribute to declines in under-five mortality in the post-MDG period.  
 
The magnitude of the association between HAP from cooking fuel and under-five mortality 
remained consistent over time in all age-groups and higher exposure to cooking fuel can 
substantially increase the risk of respiratory illness and child deaths in developing countries 
like India. According to NFHS-3, only 0.4% of the households had access to electricity and 
24.7% of households used LPG/natural gas, with the remainder still relying on polluting fuels 
in both urban and rural areas (International Institute for Population Sciences - IIPS/India and 
Macro International, 2007). Despite the potentially small relative risk of under-five mortality 
associated with HAP from cooking fuel, it remains a common exposure in the population and 
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therefore the population attributable risk - of this preventable risk factor - remains a public 
health priority for India.  
 
Raising awareness about the health risk related with HAP and the use of polluting fuel is 
needed in rural and low-income urban areas. Radio and television have been identified as 
useful media to raise awareness and to reach poorer sub-groups of the population (Ahmed, 
2003, Rouse, 2000). The most important intervention to reduce exposure to polluting fuel is 
ready access to clean fuels such as LPG/natural gas, biogas and electricity (Mishra et al., 
2005, Pandey and Lin, 2013, Ramesh Bhat et al., 2012).  Many countries like Brazil, Bolivia, 
Ecuador have decreased exposure to pollution from cooking fuel by promoting liquid fuel 
supported by government policy (Pandey and Lin, 2013, Polsky and Ly, 2012). Switching to 
clean fuel is advisable, however, it is not an affordable option for many poor families in India 
and supplying cleaner fuel to rural household is expensive, and thus requires long term 
intervention because of poor infrastructure in India (Mishra et al., 2005, Pandey and Lin, 
2013, Ramesh Bhat et al., 2012).  
 
Behavioral change interventions also have potential, and are shorter term alternatives in India 
to reduce child exposure from cooking fuel (Mishra et al., 2005, Pandey and Lin, 2013, 
Ramesh Bhat et al., 2012). Studies from India suggested that improvements in natural 
household ventilation, particularly windows and improved stoves (stoves with chimney) 
might lead to a reduction in HAP (Mishra et al., 2005, Pandey and Lin, 2013, Ramesh Bhat et 
al., 2012). Cooking stoves with a chimney also have health advantages, via reductions in 
carbon monoxide emissions and incidence of respiratory infections (Chengappa et al., 2007, 
Roden et al., 2009). Studies showed that India has distributed ten millions of improved 
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cooking stoves since 1980 and plans to distribute 150 million in the next decade (Kishore and 
Ramana, 2002, Wilkinson et al., 2009). Findings from this study suggests that, behavioral 
interventions are likely to play a key role in decreasing childhood deaths in India by 
promoting the use of improved cooking stoves, raising awareness for cooking in a separate 
kitchen and removing children from the cooking area while cooking, increasing natural 
ventilation in household and implementing concerted health promotion campaigns to inform 
people about public health hazard relating to HAP. 
 
Conclusions 
The overall under-five mortality rates in India have decreased substantially over the study 
period (1992-2006). While HAP from cooking fuel was associated with a modest increase in 
the risk of mortality in children under five, the ubiquitous use of polluting fuel in India and 
associated population attributable risk, confirms that HAP remains an important public health 
problem. Cooking fuel is a modifiable risk factor that can be changed by improvements in 
house design, health system policies, infrastructure, behavioural intervention and economic 
development of the country. 
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Supporting information 
Table S2: Distribution of study factors associated with under-five mortality in India for 
each year of the survey 
  1993 1999 2006 
Study factors N N (%) N N (%) N N (%) 
Type of cooking fuel   
Clean fuel 32958 12.13 47071 17.74 70841 27.98 
polluting fuel 238735 87.87 218297 82.26 182367 72.02 
Wealth Index*   
High income 38745 14.26 47657 17.96 66657 26.32 
Middle income 96153 35.39 103148 38.87 112892 44.58 
Low income 132538 48.78 108158 40.76 73659 29.09 
Mother's age   
40-49 87869 32.34 84823 31.96 85105 33.61 
<20 4686 1.72 4196 1.58 2688 1.06 
20-29 73879 27.19 71884 27.09 62724 24.77 
30-39 105230 38.74 104465 39.37 102691 40.56 
Mother's education*   
Secondary or higher 48528 17.86 61712 23.26 83094 32.82 
Primary 46114 16.97 45358 17.09 40237 15.89 
No education 176132 64.83 158226 59.63 129859 51.29 
Mother's working status   
 Working 97717 35.97 102326 38.56 100846 39.83 
Not working 173976 64.03 163042 61.44 152362 60.17 
Sex of child   
Female 130850 48.16 127140 47.91 121685 48.06 
Male 140843 51.84 138228 52.09 131523 51.94 
Type of house *   
Pucca 66074 24.32 82871 31.23 31085 12.28 
Semi-pucca 122038 44.92 98754 37.21 104038 41.09 
Kachha 83113 30.59 83213 31.36 116173 45.88 
Breastfeeding Status   
ever breastfed 79526 29.27 65860 24.82 59542 23.52 
never breastfed 192167 70.73 199508 75.18 193666 76.48 
Place of residence   
Urban 77123 28.39 73739 27.79 100483 39.68 
Rural 194570 71.69 191629 72.21 152725 60.32 
Separate kitchen    
Yes 158599 58.47 142117 53.62 119343 61.51 
No 112655 41.53 122919 46.38 74689 38.49 
Note: * Percentage did not add up to 100% because of missing values.  
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Chapter Seven 
HAP from cooking fuel and under-five mortality in Pakistan 
 
Synopsis of chapter 
HAP mainly from cooking fuel is one of the major causes of respiratory illness and deaths 
among young children in low and middle-income countries like Pakistan. Traditional ways of 
using solid fuels are the only available options for domestic purpose energy need in the 
majority of Pakistani households due to limited access to commercial and clean energy 
resources. No study in Pakistan has examined the effect of HAP on mortality among young 
children. This present study investigated for the first time the association between HAP from 
cooking fuel and under-five mortality using national data in Pakistan, and also assessed how 
observed associations were affected by potential environmental and behavioral factors. In this 
nationally representative study, strong associations between use of cooking fuel and mortality 
were evident (ORs >5) in those aged 12-59 months for households without a separate kitchen 
using polluting fuels, and in children whose mother never breastfed. The results of this study 
suggest that HAP from cooking fuel is associated with a modest increase in the risk of death 
among children under five years of age in Pakistan, but particularly in those aged 12-59 
months, and those living in poorer socioeconomic conditions. 
 
Citation  
The chapter of this thesis has been published in a peer-reviewed journal:  
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NAZ, S., PAGE, A. & AGHO, K. E. 2017. Household air pollution from cooking fuel and 
under-five mortality: the role of breastfeeding status and kitchen location in Pakistan. PLoS 
One, vol 12, no 3. (Appendix D)   
 
Notes on data source and analysis 
The most recent Pakistan DHS dataset for the year 2013 was used in this study. In previous 
survey years’ datasets, information on “type of cooking fuel used in the household” was not 
available and as a result this Pakistani study did not investigate trend in the association 
between HAP from cooking fuel and under-five mortality. Potential confounders were 
selected in this study by using a combination of a priori evidence from previous similar 
studies, and an assessment of selected covariates in descriptive univariate analyses. Stratified 
analyses combining place of residence (urban or rural) and use of cooking fuel were not 
showed for Pakistan because of inadequate data on two different levels of the variable “place 
of residence”. A little modification in some texts, formats and tables have been made in this 
chapter from the original publication in order to maintain consistency throughout the thesis.   
 
Candidate’s contribution 
The candidate obtained the data; conceptualised the research questions and design of this 
study; performed the literature review and analyses; interpreted the data; drafted the primary 
manuscript; selected the journal and submitted the final manuscript to PLoS One for 
consideration. The candidate was the corresponding author and responded to the Reviewer’s 
comments and suggestions in discussion with co-authors; submitted the revised manuscript; 
proof read the final revised manuscript and also approved the final proof read manuscript as 
published. 
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Introduction 
Pakistan is the sixth most populous country in the world located in north-west South Asia 
(National Institute of Population Studies - NIPS/Pakistan and ICF International, 2013). 
Pakistanis an agricultural country, and nearly 64% of the population mainly live in rural areas 
(National Institute of Population Studies - NIPS/Pakistan and ICF International, 2013), where 
access to commercial and clean energy resources is limited and traditional ways of using 
solid fuels (such as wood, straw/shrubs/grass, animal dung, charcoal, and coal) are the only 
available options for domestic cooking fuel (Bhutto et al., 2011). Almost 87% of rural and 
13% of urban households in Pakistan use solid fuels for cooking (National Institute of 
Population Studies - NIPS/Pakistan and ICF International, 2013), and when these fuels are 
burnt in open fire produces health-damaging pollutants and chemicals. (Janjua et al., 2012, 
Naeher et al., 2007, WHO, 2006).  
 
Household air pollution (HAP) from unprocessed fuel is a substantial cause of respiratory 
illness and death and remains a major public health concern in low and middle-income 
countries (Fullerton et al., 2008), and globally almost 2.9 million deaths annually have been 
attributed to HAP (GBD Risk Factors Collaborators, 2016). Children less than five years of 
age are the most vulnerable to HAP related illness such as respiratory infections, due to their 
proximity to domestic cooking (Lim et al., 2012, Munroe and Gauvain, 2012, Rehfuess et al., 
2011). Pneumonia, which is caused by ARI, is still a leading cause of death among children 
under age five in Pakistan (National Institute of Population Studies - NIPS/Pakistan and ICF 
International, 2013). The under-five mortality rate in Pakistan declined from 139 per 1,000 
live births in 1990 to 86 in 2013 (IGME, 2015); which remains above the Millennium 
Development Goal 4 (MDG4) target that is to reduce under-five mortality by two-thirds (46 
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per 1,000 live births) (Ministry of Planning, 2013). Disability-adjusted life years (DALYs) 
from the Global Burden of  Diseases (GBD) study shows that 10% of the total burden of 
disease for all ages in the country has been associated with ARI (Institue of Health Metrics 
and Evaluation - IHME, 2010b), and according to the World Health Organization (WHO) 9% 
of the total burden of diseases in Pakistan has been attributable to HAP (WHO, 2009a).  
 
There have been few studies from Pakistan investigating the association between HAP and 
the health of young children, with most limited to a particular health outcome (e.g. low birth 
weight/acute respiratory infection) or specific geographical area or regional population. 
(Ahmed et al., 2015, D'souza, 1997, Janjua et al., 2012, Mir et al., 2012), Only two studies 
have examined the effect of HAP on non-fatal respiratory diseases among under-five children 
(Janjua et al., 2012, Mir et al., 2012). To date, no previous studies from Pakistan have 
examined the effect of HAP from use of cooking fuel on under-five mortality using large-
scale and nationally representative data, and also have not considered the role of potential 
environmental and behavioural factors that might affect the level of exposure to HAP from 
cooking fuel. Accordingly, this study investigated the association between HAP from 
cooking fuel and under-five mortality (classified as neonatal 0-28 days, post-neonatal 1-11 
months, child 12-59 months and under-five 0-59 months), and assessed how observed 
associations were affected by key environmental and behavioural factors in Pakistan. 
 
Materials and Methods 
Data sources 
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The most recent nationally representative Pakistan Demographic and Health Survey (PDHS) 
dataset for the year 2013 was used for this study, collected with approval from the DHS 
program (http://www.dhsprogram.com/). The PDHS was conducted in Pakistan with the 
collaboration of the global DHS program. The survey was implemented by the National 
Institute of Population Studies (NIPS) with technical and logistical support from the ICF 
international of Calverton, Maryland, USA and financial support provided by the United 
States Agency for International Development (USAID) (National Institute of Population 
Studies - NIPS/Pakistan and ICF International, 2013). Demographic and heath data of urban 
and rural areas were collected by interviewing ever-married women and men aged 15-49 
years using a stratified sample of households based on a two-stage cluster design (National 
Institute of Population Studies - NIPS/Pakistan and ICF International, 2013). 
 
A total of 13,558 eligible women of reproductive age of 15-49 years were included in the 
sample with a response rate of 93.1%. This present study was based on information related to 
11,507 singleton live-born children, of whom 768 died in the 5-years prior to the survey date. 
Data relating to under-five mortality (classified as neonatal 0-28 days, post-neonatal 1-11 
months, child 12-59 months and under-five 0-59 months) was restricted to this period of five 
years to minimise recall bias of child birth and death information which was self-reported by 
the mother.  
 
Study outcomes 
The analysis for under-five mortality was carried out for three separate age groups (as a 
proportion of total live births): neonatal mortality (number of deaths during the first 28 days 
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of life, 0-28 days), post-neonatal mortality (number of deaths between one month and the first 
birthday, 1-11 months), child mortality (number of deaths between age one and five, 12-59 
months). Analyses combining these three groups for under-five mortality (number of deaths 
between birth and the fifth birthday, 0-59 months) were also conducted.  
The outcome variables were dichotomous for the analysis, where age at death was either 
‘yes’ (=1) or ‘no’ (=0).  
 
Exposure to cooking fuel 
The type of cooking fuel was the main exposure variable in this study. In PDHS, the mothers 
were asked, “What type of fuel does your household mainly use for cooking?”, and 10 types 
of cooking fuels were reported in response. These fuels were grouped into two categories in 
this analysis on the basis of exposure to cooking smoke: “clean fuels” including electricity, 
liquid petroleum gas (LPG), natural gas and biogas and “polluting fuels” including kerosene, 
coal/lignite, charcoal, wood, straw/shrubs/grass and animal dung. Kerosene was categorised 
in the polluting fuels group in this study as some previous studies on HAP have reported 
kerosene as a polluting fuel and have shown significant associations between under-five 
mortality or respiratory illness among young children and use of kerosene fuel in the 
household (Bates et al., 2013, Choi et al., 2015, Epstein et al., 2013, Wichmann and Voyi, 
2006).  
 
Potential confounders 
A number of indicators of socio-economic status were incorporated in the study including, 
place of residence (categorized as “urban” or “rural”), household wealth index (“high 
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income”, “middle income” or “low income”), maternal education (“secondary or higher”, 
“primary” or “no education”), maternal working status (“not working” or “working”), 
smoking status of mother (categorized as “yes” or “no”), floor material of household 
(“cement/carpet” or “earth/sand”) and wall material of household (“cement/brick” or “non-
cement/non-brick”). These socio-economic status variables have previously been described as 
potential confounders for the association between HAP and under-five mortality (Bassani et 
al., 2010, Epstein et al., 2013, Ezeh et al., 2014, Kashima et al., 2010, Naz et al., 2015, Naz et 
al., 2016, Pandey and Lin, 2013, Rehfuess et al., 2009, Rinne et al., 2007, Tielsch et al., 2009, 
Wichmann and Voyi, 2006). “Low income” represented the bottom 40% of households, 
“middle income” represented the middle 40% of households, and “high income” represented 
the top 20% of households, based on the method defined by Filmer and Pritchett (Filmer and 
Pritchett, 2001). Maternal age (categorised as <30, 30-39 and 40-49 years) and sex of the 
child (“female” or “male”) were also considered as covariates in this study.  
 
Breastfeeding has previously been presented to provide important protection against 
infectious diseases and may be associated with lower under-five mortality, especially in 
neonatal and infancy period (Arifeen et al., 2001, Black, 2003, Cushing et al., 1998, Ezeh et 
al., 2014, Heinig, 2001, Naz et al., 2015, Naz et al., 2016, Victoria, 2000, Wichmann and 
Voyi, 2006) and reduce the risk of disease associated with HAP. Likewise, a household 
without a separate kitchen for cooking has also previously been associated as a proxy 
measure of a greater level of exposure to use of cooking fuel, based on proximity to polluting 
fuels (Dasgupta et al., 2006, Gurley et al., 2013a, Khalequzzaman et al., 2007, 
Khalequzzaman et al., 2011, Khalequzzaman et al., 2010, Naz et al., 2015, Rehfuess et al., 
2009). Breastfeeding status of children (categorised as ever breastfed “yes” or “no”) and 
location of the kitchen either inside the house or separate from buildings/outdoors 
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(categorised as separate kitchen “yes” or “no”) were taken into account a priori as factors 
that may indicate different levels of exposure to HAP from cooking fuels. (Descriptive 
characteristics of study factors are provided in a Table S3). 
 
Statistical Analysis 
Neonatal, post-neonatal, child and under-five mortality incidence proportions were calculated 
by following a similar approach of the DHS program provided by Rutstien and Rojas 
(Rutstein and Rojas, 2006). Multilevel logistic regression models were used to investigate the 
association between type of cooking fuels and neonatal, post-neonatal, child and under-five 
mortality adjusted for the selected covariates of place of residence, wealth index, maternal 
age, maternal education, maternal working status, sex of child, breastfeeding status, wall 
material and floor material of household, location of kitchen and smoking status of mothers. 
 
Analyses stratified by breastfeeding status and by the location of the kitchen were also 
conducted to define whether the magnitude of the effect of the cooking fuel on mortality 
outcomes differed across different levels of these two variables. Breastfeeding status and 
location of the kitchen were each combined with the type of cooking fuel as composite 
ordinal variables to examine different levels of exposure to HAP from cooking fuel for 
neonatal, post-neonatal, child and under-five mortality outcomes.  
 
The weighted incidence proportion estimates of mortality were calculated using the “SVY” 
command to adjust for the cluster sampling survey design and weights. Random effects 
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multilevel logistic regression models were conducted by using the “xtlogit” command. All 
analyses were carried out in STATA version 13.1 (Stata Corp: College Station, TX, USA). 
 
Ethics  
Before the Demography and Health Survey (DHS) were conducted, this survey sought and 
obtained the required ethical approvals from ethics committees in Pakistan. Informed consent 
was obtained from study participants before their participation in the surveys. Publicly 
available, de-identified datasets were used in this study following approval from The DHS 
Program to download and use the data. 
 
Results 
Use of polluting fuels (wood, straw/shrubs/grass, animal dung, charcoal, coal/lignite, 
kerosene) for cooking was associated with a higher risk of child mortality (OR=1.98, 
95%CI=0.75-5.25, P=0.169), after adjusting for place of residence, household wealth, 
maternal age, maternal education, maternal working status, sex of child, breastfeeding status, 
floor and wall material of household, location of kitchen and smoking status of mother (Table 
13). Effect sizes of smaller magnitude were evident for post-neonatal mortality (OR=1.31, 
95%CI=0.75-2.27, P=0.342) followed by neonatal mortality (OR=1.09, 95%CI=0.77-1.54, 
P=0.643) (Table 13). The association between use of polluting fuels for cooking (compared 
to no polluting fuels) and overall under-five mortality was (OR=1.22, 95%CI=0.92-1.64, 
P=0.170) after adjusting for covariates (Figure 17). A sub-analysis was conducted to 
investigate the association between different fuel type with under-five mortality and found 
slightly higher association for use of straw/shrubs/grass, animal dung (OR=1.39, 
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95%CI=0.96-2.01, P=0.081) followed by use of kerosene, coal/lignite, charcoal (OR=1.34, 
95%CI=0.72-2.49, P=0.350) and use of wood (OR=1.20, 95%CI=0.89-1.60, P=0.234) 
compared to use of electricity, LPG/natural gas, biogas associated with total under-five 
mortality in this study after adjustment for selected covariates (data not shown).      
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Figure 17: Use of cooking fuel associated with total under-five mortality in Pakistan 
Note: Ref= Reference category; n= number of under-five mortality cases and N=total number of 
under-five children; n(%)= weighted incidence proportion of under-five mortality cases; OR (95% 
CI)= odds ratio adjusted for wealth index, place of residence, maternal age, education and working 
status, sex of child, breastfeeding status, household’s floor material and wall material, location of 
kitchen and smoking status of mother; clean fuels= electricity, liquid petroleum gas (LPG), natural 
gas, biogas; Polluting fuels= kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass and animal 
dung. 
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Table 13: HAP from cooking fuels associated with neonatal, post-neonatal and child mortality in Pakistan 
  Neonatal Post-neonatal Child 
Study factors n a 
Deaths 
/1000 live 
births OR b 95%CI 
P 
value n a 
Deaths 
/1000 live 
births OR b 95%CI 
P 
value n a 
Deaths 
/1000 live 
births OR b 95%CI 
P 
value 
Type of Cooking Fuel             
Clean fuel c d 136 34.8 1.00  49 12.3 1.00  12 3.0 1.00  
Polluting fuel e 367 51.7 1.09 (0.77-1.54) 0.643 145 19.8 1.31 (0.75-2.27) 0.342 59 8.0 1.98 (0.75-5.25) 0.169 
Place of Residence             
Urban c 178 38.2 1.00  63 13.2 1.00  27 5.6 1.00  
Rural 325 51.3 1.04 (0.77-1.40) 0.789 131 20.1 0.70 (0.45-1.09) 0.110 44 6.6 0.58 (0.29-1.14) 0.111 
Wealth Index             
High income c 136 32.9 1.00  44 10.4 1.00  13 3.1 1.00  
Middle income 95 44.8 1.20 (0.84-1.72) 0.324 35 16.1 1.31 (0.72-2.38) 0.379 10 4.5 0.80 (0.27-2.32) 0.677 
Low income 272 57.2 1.58 (1.01-2.47) 0.047 115 23.4 1.89 (0.92-3.86) 0.083 48 9.6 2.07 (0.68-6.33) 0.201 
Maternal Age             
40-49 c 51 69.7 1.00  12 15.6 1.00  5 6.4 1.00  
<30 244 41.1 0.82 (0.57-1.20) 0.309 104 17.1 1.50 (0.73-3.06) 0.266 39 6.3 2.17 (0.65-7.20) 0.206 
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30-39 208 48.0 0.88 (0.60-1.27) 0.483 78 17.5 1.40 (0.69-2.86) 0.355 27 6.0 1.51 (0.44-5.14) 0.511 
Maternal Education             
Secondary/ Higher c 98 30.9 1.00  27 8.3 1.00  4 1.2 1.00  
Primary 77 49.0 1.19 (0.83-1.70) 0.351 33 20.4 1.88 (1.07-3.31) 0.029 8 4.9 3.45 (0.84-14.13) 0.085 
No education 328 52.4 1.27 (0.92-1.74) 0.140 134 20.8 1.31 (0.77-2.22) 0.316 59 9.0 6.20 (1.77-21.80) 0.004 
Maternal Working 
Status 
            
Working c 135 65.7 1.00  50 23.4 1.00  21 9.7 1.00  
Not working 368 41.3 0.77 (0.60-0.99) 0.041 144 15.8 0.66 (0.45-0.97) 0.033 50 5.4 0.83 (0.44-1.57) 0.570 
Sex of Child             
Female c 255 47.3 1.00  97 17.5 1.00  33 5.9 1.00  
Male 248 44.2 0.90 (0.73-1.10) 0.308 97 16.8 1.10 (0.79-1.54) 0.563 38 6.5 1.09 (0.63-1.87) 0.760 
Breastfeeding Status             
Ever breastfed c 137 22.3 1.00  60 9.6 1.00  29 4.6 1.00  
Never breastfed 366 75.3 3.20 (2.55-4.02) <0.001 134 26.3 2.54 (1.78-3.62) <0.001 42 8.1 2.31 (1.32-4.05) 0.003 
Household’s Floor 
Material 
            
Cement/carpet c 211 38.4 1.00  67 11.9 1.00  29 5.1 1.00  
Earth/sand 273 53.4 0.89(0.65-1.22) 0.478 119 22.6 0.68 (0.44-1.04) 0.074 39 7.3 0.46 (0.22-0.95) 0.037 
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Household’s Wall 
Material             
Cement/brick c 274 42.5 1.00  93 14.0 1.00  35 5.2 1.00  
Non-cement/non-brick 210 50.6 0.77 (0.58-1.01) 0.065 93 21.8 1.31 (0.79-2.16) 0.298 33 7.6 0.90 (0.46-1.77) 0.767 
Separate Kitchen 
Yes c 201 35.9 1.00  79 13.8 1.00  18 3.1 1.00  
No 210 53.1 1.29 (1.01-1.63) 0.037 72 17.6 1.01 (0.70-1.46) 0.973 38 9.2 2.12 (1.13-3.97) 0.019 
Smoking status of 
mother 
            
Yes c 28 46.9 1.00  25 41.7 1.00  2 3.2 1.00  
No 475 45.8 1.30 (0.68-2.48) 0.429 169 15.8 0.58 (0.27-1.24) 0.162 69 6.4 2.00 (0.27-14.76) 0.496 
Note: a n=number of mortality cases for neonatal, post-neonatal and child age-groups; b odds ratio adjusted for wealth index, place of residence, maternal age, 
maternal education, maternal working status, sex of child, breastfeeding status, household’s floor material, household’s wall material, separate kitchen in the 
house and smoking status of mother; c reference category, d clean fuels: electricity, liquid petroleum gas (LPG), natural gas, biogas, e Polluting fuels: kerosene, 
coal/lignite, charcoal, wood, straw/shrubs/grass and animal dung. 
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Stratified analyses to investigate different levels of exposure to HAP from use of cooking fuel 
found more than 3-fold higher risk of under-five mortality in children whose mother never 
breastfed and used polluting fuels for cooking (compared to breastfeeding mother who used 
clean fuels), with similar associations evident for neonatal mortality (OR=3.34, 95%CI=2.21-
5.04, P<0.001) and post-neonatal mortality (OR=3.39, 95%CI=1.81-6.36, P<0.001) (Table 
14 & 15). Similarly, analyses combining location of kitchen (separate room used as kitchen 
or not) and use of cooking fuel showed strong associations for households who used polluting 
fuels and had no separate kitchen (compared to households with a separate kitchen who used 
clean fuel for cooking), for child mortality (OR=7.63, 95%CI=2.08-27.95, P=0.002), and 
associations of a smaller magnitude for under-five mortality (OR=1.88, 95%CI=1.40-2.53, 
P<0.001), post-neonatal mortality (OR=1.78, 95%CI=1.01-3.14, P=0.045) and neonatal 
mortality (OR=1.62, 95%CI=1.14-2.31, P=0.007) (Table 14 & 15).  
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Table 14: Risk of neonatal and post-neonatal mortality by breastfeeding status and kitchen location 
  Neonatal Post-neonatal 
Study Factors n a 
Deaths/1000 
live births OR b 95%(CI) P value n a 
Deaths/1000 
live births OR b 95%(CI) P value 
Combined Association of  Breastfeeding 
Status and Use of Cooking fuel f         
Ever breastfed & used clean fuels c d 40 20.3 1.00  16 8.0 1.00  
Ever breastfed & used polluting fuels e 97 23.2 0.94 (0.60-1.46) 0.771 44 10.4 1.19 (0.61-2.33) 0.608 
Never breastfed & used clean fuels d 96 49.4 2.55 (1.70-3.81) <0.001 33 16.5 1.76 (0.91-3.39) 0.092 
Never breastfed & used polluting fuels e 270 92.4 3.34 (2.21-5.04) <0.001 101 32.7 3.39 (1.81-6.36) <0.001 
Combined Association of  Kitchen 
Location and Use of Cooking fuel g         
Separate kitchen used clean fuels c d 91 33.2 1.00  29 10.3 1.00  
Separate kitchen used polluting fuels e 110 38.4 1.10 (0.78-1.55) 0.598 50 17.1 1.58 (0.92-2.72) 0.100 
No separate kitchen used clean fuels d 31 40.4 1.19 (0.77-1.84) 0.439 10 12.7 1.03 (0.49-2.18) 0.940 
No separate kitchen used polluting fuels e 179 56.2 1.62 (1.14-2.31) 0.007 62 18.8 1.78 (1.01-3.14) 0.045 
Note: a n= number of mortality cases for neonatal and post-neonatal age-groups; b adjusted odds ratio; c reference category; d clean fuels: electricity, liquid petroleum gas 
(LPG), natural gas, biogas; e Polluting fuels: kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass and animal dung; f analyses adjusted for  maternal age, maternal 
education, place of residence and location of kitchen and g analyses adjusted for maternal age, maternal education, place of residence and breastfeeding status. 
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Table 15: Risk of child and under-five mortality by breastfeeding status and kitchen location 
  Child Under-five 
Study Factors n a 
Deaths/1000 
live births OR b 95%(CI) P value n a 
Deaths/1000 
live births OR b 95%(CI) P value 
Combined Association of  Breastfeeding 
Status and Use of Cooking fuel f         
Ever breastfed & used clean fuels c d 4 2.0 1.00  60 30.8 1.00  
Ever breastfed & used polluting fuels e 25 5.9 2.42 (0.67-8.80) 0.179 166 40.4 1.09 (0.76-1.57) 0.631 
Never breastfed & used clean fuels d 8 3.9 2.41 (0.60-9.72) 0.217 137 72.1 2.38 (1.70-3.33) <0.001 
Never breastfed & used polluting fuels e 34 10.8 5.11 (1.44-18.17) 0.012 405 145.4 3.65 (2.60-5.12) <0.001 
Combined Association of  Kitchen 
Location and Use of Cooking fuel g         
Separate kitchen used clean fuels c d 3 1.1 1.00  123 45.4 1.00  
Separate kitchen used polluting fuels e 15 5.1 4.11 (1.11-15.23) 0.035 175 62.6 1.32 (0.99-1.76) 0.061 
No separate kitchen used clean fuels d 6 7.6 5.28 (1.28-21.69) 0.021 47 62.5 1.27 (0.8681.83) 0.195 
No separate kitchen used polluting fuels e 32 9.6 7.63 (2.08-27.95) 0.002 273 88.3 1.88 (1.40-2.53) <0.001 
 Note: a  n= number of mortality cases for child and under-five age-groups; b adjusted odds ratio; c reference category; d clean fuels: electricity, liquid petroleum gas (LPG), 
natural gas, biogas; e Polluting fuels: kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass and animal dung; f analyses adjusted for  maternal age, maternal education, 
place of residence and location of kitchen and g analyses adjusted for maternal age, maternal education, place of residence and breastfeeding status. 
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Discussion 
Findings from this study suggested that HAP from cooking fuel was associated with neonatal, 
post-neonatal, child and under-five mortality after adjusting for covariates. The risk of death 
among young children was higher in post-neonatal and children aged 1 to 4 years than in the 
neonatal age group, which was generally consistent with previous population-based studies in 
India and Nigeria (Epstein et al., 2013, Ezeh et al., 2014, Naz et al., 2016). The risk of under-
five mortality in each separate age group was higher in households without a separate kitchen 
for cooking their meals compared to those with separate/outdoor kitchen. In addition, the 
lower risk of mortality was evident in children whose mothers ever breastfed compared to 
never breastfed children, consistent with its previously reported protective role in respiratory 
outcomes in young children (Arifeen et al., 2001, Cushing et al., 1998, Heinig, 2001, 
Victoria, 2000). Unprocessed solid fuels when burnt in open fire contain a large amount of 
key pollutants such as fine particles, carbon monoxide (CO) and a number of other chemicals 
compared to clean (LPG/natural gas, biogas) cooking fuels, thus increases the risk of 
respiratory infections and death of children under-five years of age as air intake of an infant is 
approximately twice that of adults which result in inhaling more pollutants present into the 
indoor air (Jenny Pronczuk-Garbino and WHO, 2005). 
 
This study is the first national evaluation of HAP from cooking fuel and under-five mortality 
in Pakistan. The study found urban children were at slightly higher risk of death than children 
from rural areas, which was similar to previous similar studies in Bangladesh and Indonesia 
(Kashima et al., 2010, Naz et al., 2015); despite the fact that the majority of the households in 
rural Pakistan rely on solids fuels mainly due to the unavailability of better alternatives (Jan, 
2012, Nasir et al., 2015). An intervention study in Pakistan investigating indoor particulate 
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matter (PM) concentrations in developing countries reported that PM was considerably 
higher in urban kitchens as rural kitchens were more ventilated than urban ones (Nasir et al., 
2013). Other studies from Pakistan have also reported that females were more likely to be 
responsible for cooking and that maternal education level and household wealth could 
influence the choice of household fuel type, with the usage of clean fuel lower in poorer 
households in both urban and rural areas (Jan, 2012, Nasir et al., 2015). Similar findings were 
also evident in the present study for mortality outcomes associated with HAP.  
 
Breastfeeding has previously been acknowledged to protect infants against infection and has 
been reported as a protecting factor for reducing the risk of respiratory illness among infants 
(Arifeen et al., 2001, Heinig, 2001, Victoria, 2000). Thus breastfeeding status of children was 
investigated to determine whether it reduced the association between HAP from cooking fuel 
and under-five mortality, a mechanism not previously investigated in any study in Pakistan. 
This present study identified that the risk of under-five mortality associated with the use of 
cooking fuel was higher in children aged 1 to 4 years compared to post-neonatal and neonatal 
age groups, and was stronger in children whose mother did not breastfeed. Breastfeeding in 
the first one year of life period may substantially reduce the risk of mortality among young 
children even among those exposed to HAP (Ezeh et al., 2014, Naz et al., 2015, Naz et al., 
2016). The recent PDHS data used in this study indicated that 94% of children were reported 
to have been breastfed at some time (National Institute of Population Studies - NIPS/Pakistan 
and ICF International, 2013), that might be the cause of lower risk of neonatal and post-
neonatal mortality associated with HAP in Pakistan. 
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A number of previous studies from developing countries (such as African countries, India, 
and Bangladesh) also examined the role of kitchen location in the house for the association 
between HAP and under-five mortality.(Naz et al., 2015, Naz et al., 2016, Rehfuess et al., 
2009) Findings from these studies were consistent with observed associations in the present 
study. Findings from the present study showed a greater risk of neonatal, post-neonatal, child 
and under-five mortality when mothers reported no separate kitchen in the house and used 
polluting fuels for cooking, and also found increased risk of childhood mortality even where 
clean fuels were used but no separate kitchen in the house. Households without a separate 
kitchen have a higher level of concentrations of PM, and young children are exposed to HAP 
as they spend many hours inside the house (Prasad et al., 2012).  
 
A number of methodological limitations that were taken into account when interpreting the 
results of this present study. First, the classification of cooking fuel may be a source of 
misclassification bias as some households use a combination of different fuels. The DHS only 
collected information of primary fuel use, no information on secondary fuel use was 
available. In addition, this study also did not account for past exposure to cooking fuel or 
recent changes in cooking methods. A recent study of rural areas in Pakistan indicated that 
majority of households used both fuels even where clean fuels were available. For example, 
households used LPG, but reduced fuel expenses by also using solid fuels as they were 
cheaper and more widely available (e.g. dung and crop residues) (Nasir et al., 2015).  
 
Second, there may be a source of recall bias as information on birth and death of children was 
based on interviews with mothers. Analyses were restricted to those children born within a 
five-year period prior to the survey date in order to minimise the likelihood of recall bias, but 
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maximise the number of cases of death for analysis. An index period of the 1-year period 
would reduce recall bias further, but also reduce the number of cases available for analysis; 
an index period of >5 years would increase the number of available cases for analysis, but 
also increase the likelihood of recall bias associated with those cases. It is also difficult to 
clearly define temporal relationships between the exposure (use of cooking fuel) and outcome 
(mortality) when collected at the same point in time, as the PDHS is cross-sectional design. 
Moreover, all-cause mortality was considered for our analyses of the association between 
HAP from cooking fuel and under-five mortality. There are also other important factors (such 
as preterm birth complications, low birth weight, nutritional conditions, and diarrhoea) along 
with respiratory illnesses that affect mortality among under-five children. However, cause-
specific mortality could not be investigated in the present study due to the absence of this 
information in the PDHS dataset.  Lower respiratory infection was the leading cause of death 
in children under five years of age in Pakistan (Institue of Health Metrics and Evaluation - 
IHME, 2010b) and HAP is mostly associated with respiratory illness. Nevertheless, counting 
all-cause mortality will also include mortality outcomes not associated with HAP from 
cooking fuel, which is likely to be a reason for ascertainment bias in the mortality outcomes 
which leads to an underestimation of the association between use of cooking fuel and the 
cause-specific outcomes noted above. In addition, this study also did not measure actual 
levels and patterns of exposure to emission from cooking smoke due to the lack of such 
objective measures in DHS data. Other important covariates, for example, “cooking under 
chimney” and “presence of windows in cooking area”, have been noted in previous studies 
(Pandey and Lin, 2013, Rehfuess et al., 2009); however, this information was not measured 
in the PDHS 2013 dataset.  
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Notwithstanding these methodological limitations, this present study was based on nationally 
representative survey data which has a very high response rate of 93.1%. This was also the 
first national level study in Pakistan to examine the association between HAP form cooking 
fuel and under-five mortality and assess the role of environmental and behavioural factors 
that may be points of effective intervention. The majority of the households in Pakistan still 
depend on polluting fuels (such as solid fuels, kerosene etc.) in both urban and rural areas 
(Bhutto et al., 2011, National Institute of Population Studies - NIPS/Pakistan and ICF 
International, 2013); therefore, HAP remains a common exposure in the population and 
consequently, the population attributable risk of this avoidable risk factor remains an 
important public health issue for Pakistan.  
 
Awareness-raising programs regarding the health risk associated with HAP from the use of 
polluting fuels need to be focused on rural and low-income urban areas of Pakistan. Changes 
in energy technologies such as switching to cleaner fuels (for example, LPG/natural gas, 
biogas, and electricity) are the key focus of interventions relating to HAP and can lead to a 
substantial reduction in exposure to a range of indoor air pollutants. However, cleaner fuel is 
not an affordable option for many poor families in Pakistan, and policies to increase access 
and use to cleaner fuels will require long-term intervention, investment in infrastructure and 
economic development of the country (Janjua et al., 2012, Nasir et al., 2013, Nasir et al., 
2015). A shorter term and cost effective alternative to this problem is the use of 
improved/smoke-free cooking stoves (made of clay and husk), with a stack attached to the 
back of the stove to release smoke outside the kitchen, and which has been trialled in 
intervention studies in Pakistan (Jan, 2012, Khushk et al., 2005, Nasir et al., 2013, Nasir et 
al., 2015). These cooking stoves are a simple and cheap intervention, and also have health 
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advantages leading to a reduction in carbon monoxide emissions and incidence of respiratory 
infections (Jan, 2012, Janjua et al., 2012, Khushk et al., 2005).  
 
Results from this present study suggest that behavioural and health educational interventions 
may potentially play a significant role in reducing childhood deaths in Pakistan associated 
with HAP. Such behavioural interventions include promoting exclusive breastfeeding 
practices in the first year of life and promoting the need to keep young children separate from 
the cooking area while cooking with solid fuels. 
 
Conclusions 
This current study indicates that the ubiquitous use of polluting fuels in Pakistan is associated 
with an increased risk of mortality in children less than five years of age. Findings suggested 
that breastfeeding practices, cooking in a separate kitchen and not to carrying children while 
cooking may be potential targets for behavioural interventions and policy responses in 
Pakistan.  
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Supporting information 
Table S3: Distribution of study factors associated with under-five mortality in Pakistan, 
2013 Pakistan Demographic and Health Survey (PDHS) 
Study factors N % 
Type of cooking fuel *     
Electricity 81 0.16 
LPG 1839 3.73 
Natural Gas 16725 33.93 
Biogas 166 0.34 
Kerosene 11 0.02 
Coal, lignite 131 0.27 
Charcoal 976 1.98 
Wood 23,321 47.31 
Straw/shrubs/grass 2079 4.22 
Animal dung 3132 6.35 
Place of residence 
Urban 22131 44.89 
Rural 27168 55.11 
Wealth Index 
High income 18,830 38.2 
Middle income 9,867 20.01 
Low income 20,602 41.79 
Maternal age (years) 
<30 9762 19.80 
30-39 19,763 40.09 
40-49 19774 40.11 
Maternal education 
No education 33113 67.17 
Primary 6136 12.45 
Secondary/higher 10050 20.39 
Maternal working status * 
Working 10858 22.02 
Not working 38306 77.70 
Sex of child 
Female 23814 48.31 
Male 25485 51.69 
Breastfeeding Status 
Ever breastfed 12587 25.53 
never breastfed 36712 74.47 
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Household's floor material * 
Cement/carpet 26170 53.08 
Earth/Sand 22280 45.19 
Household's wall material * 
Cement/brick 30431 61.73 
Non-cement/non-brick 18021 36.55 
Separate kitchen 
Yes 25945 60.57 
No 16889 39.43 
Smoking status of mother * 
Yes 3577 7.26 
No 45668 92.74 
Note:  * Percentage did not add up to 100% because of missing values.  
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Chapter Eight 
HAP from cooking fuel and under-five mortality in Nepal 
 
Synopsis of chapter 
This study provides national estimates of the impact of household air pollution from the use 
of cooking fuel on under-five mortality in Nepal. As a result of limited access to clean 
energy, most of the Nepalese households (around 75%) use unprocessed solid fuels (e.g. 
wood, animal dung, crop residues etc.) for cooking and heating their home. Acute respiratory 
infection is a leading cause of child death in Nepal and widespread use of solid fuels in the 
country remains a key preventable exposure and source of public health burden. Findings 
from this national study show important differences in risk of under-five mortality according 
to breastfeeding behaviour in children less than five years of age and location of the kitchen 
(cooking inside or in a separate structure), factors which are amenable to behavioral 
interventions. Estimates of the avoidable burden of household air pollution in this study 
suggest that approximately half of under-five mortality cases in Nepal could be avoided by 
separating children from the cooking area. 
 
Citation  
The chapter of this thesis has been published in a peer-reviewed journal:  
NAZ, S., PAGE, A. & AGHO, K. E. 2017. Potential impacts of modifiable behavioral and 
environmental exposures on reducing the burden of under-five mortality associated with 
household air pollution in Nepal. Maternal and Child Health Journal, pp 1-12. (Appendix E) 
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Notes on data source and analysis 
The most recent Nepal DHS datasets for the year 2001, 2006 & 2011 were used in this study. 
Findings showed that the association between HAP from cooking fuel and under-five 
mortality was higher (OR>2) in Nepal than Bangladesh, India and Pakistan. Therefore, taking 
into account this high risk of childhood mortality related with HAP in Nepal, this study also 
calculated the avoidable burden of under-five mortality associated with the use of cooking 
fuel considering the potential impact of previous interventions in this country. However, this 
comparative risk analysis is more prominent in Chapter nine where this thesis evaluates and 
compares childhood mortality attributable to HAP in four South Asian Countries. There is 
some modification in formats and tables in this chapter from the original publication in order 
to maintain consistency throughout the thesis.   
 
Candidate’s contribution 
The candidate contributed to the conception and design of this study; obtained the data; 
performed the literature review and analyses; interpreted the data; drafted the preliminary 
manuscript and submitted the final manuscript to Maternal and Child Health Journal for 
consideration. the candidate was the corresponding author and responded to the Reviewer’s 
comments and recommendations in consultation with co-authors; submitted the revised 
version of the manuscript; proof read the final revised manuscript and also approved the final 
proof read manuscript as published. 
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Introduction 
Burning of solid fuels on traditional stoves or in open fires results in household air pollution 
(HAP), which is a substantial cause of respiratory illness and death and remains a major 
public health concern in low and middle-income countries.(Fullerton et al., 2008) Worldwide, 
approximately 2.9 million deaths have been attributed to HAP, with a disproportionate impact 
on the health of women and children, particularly for acute respiratory infections (GBD Risk 
Factors Collaborators, 2016, Munroe and Gauvain, 2012). Nepal is a small, low-income 
country in South Asia, comprising a multi-ethnic population (Ministry of Health Population - 
MOHP/Nepal et al., 2012, PMNCH et al., 2014). More than 80% of the population in Nepal 
lives in rural areas and 75% of the population use unprocessed solid fuels such as wood, 
animal dung, crop residues, charcoal and coal for domestic source of energy (Ministry of 
Health Population - MOHP/Nepal et al., 2012, Central Bureau of Statistics – CBS/Nepal, 
2012). Acute respiratory infections are one of the leading cause of childhood mortality and 
morbidity in Nepal, and 2.7% of the total burden of disease for all ages in the country has 
been attributable to HAP (Institue of Health Metrics and Evaluation - IHME, 2010a, WHO, 
2007).  
 
Previous studies from Nepal investigating the association between HAP and the health of 
young children have been limited to specific geographical areas or clinical settings, and only 
examined the effects of HAP on non-fatal respiratory diseases among under-five 
children.(Acharya et al., 2015, Bates et al., 2013, Devakumar et al., 2014) The geographical, 
climate factors and social contexts in Nepal are of substantial variations. To date, no studies 
from Nepal have investigated the effect of HAP from cooking fuel on nationally 
representative under-five mortality, or assessed whether this association has changed over 
time in the context of declining under-five mortality in Nepal. Other potential environmental 
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and protective behavioral factors such as the location of kitchen and breastfeeding practices 
that might affect the level of exposure to HAP from use of cooking fuel associated with 
childhood mortality have not been considered. Consequently, the aim of this study was to 
investigate trends in the association between HAP from cooking fuel and under-five mortality 
for four separate age groups (neonatal 0-28 days, post-neonatal 1-11 months, child 12-59 
months and under-five 0-59 months), and to assess how this association has changed over the 
period 2001-2011. This study also assessed the attributable risk of key behavioral and 
environmental factors (e.g. breastfeeding status and location of the kitchen) associated with 
HAP from cooking fuel and examined theoretical scenarios of considering the potential 
impact of previous interventions (Singh et al., 2012) to reduce exposure prevalence 
associated with under-five mortality in Nepal.   
 
Methods 
Data sources 
The most recent Nepal Demographic and Health Survey (NDHS) datasets for the years 2001, 
2006 and 2011 were obtained for this study, collected with approval from the DHS program 
(http://www.dhsprogram.com/). The NDHS is a nationally representative survey conducted as 
part of the global DHS project in the country where households were selected nationwide. 
Demographic and health data of urban and rural areas were collected by interviewing ever-
married women (aged 15-49 years) and men (aged 15-59 years) using a stratified sample of 
households based on a two-stage cluster design (Ministry of Health Population - 
MOHP/Nepal et al., 2012). 
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In total, 32,193 eligible women aged 15-49 years were successfully included in the three 
datasets with an average response rate of 98.2%. Information relating to 17,780 singleton 
live-born children was obtained in this study, of which 1,014 died (overall mortality rate 61 
per 1000 live births), within 5-years prior to the mother being interviewed.  
 
Study outcomes 
The analysis for under-five mortality was performed for four separate age groups (defined as 
dichotomous outcome variables): neonatal, post-neonatal, child and under-five, using the 
following definitions: 
 Neonatal mortality: The number of deaths during the first 28 days of life (0-28 days).  
 Post-neonatal mortality: The number of deaths between one month and the first 
birthday (1-11 months).  
 Child mortality: The number of deaths between exact ages one and five (12-59 
months).  
 Under-five mortality: The number of deaths between birth and the fifth birthday (0-59 
months).  
 
 
Exposure to cooking fuel 
The type of cooking fuel in the household was the main exposure variable used in this study. 
During the interview, the respondents were asked, “What type of fuel does your household 
mainly use for cooking?” In the analysis, these fuels were grouped into two categories on the 
basis of exposure to cooking smoke: “clean fuels (electricity, liquid petroleum gas (LPG), 
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natural gas and biogas)” and “polluting fuels (kerosene, coal/lignite, charcoal, wood, 
straw/shrubs/grass, agricultural crop and animal dung)”. 
 
Potential confounders 
Markers of socio-economic status in the study included, place of residence, ecological zone, 
wealth index of household ( categorised as “high income (top 20% of households)”, “middle 
income (middle 40% of households)” or “low income (bottom 40% of household)” based on 
the method defined by Filmer and Pritchett(Filmer and Pritchett, 2001)), maternal education, 
maternal working status and floor material of household. These socio-economic status 
variables have previously been identified as potential confounders for the association 
between HAP and under-five mortality. (Bassani et al., 2010, Ezeh et al., 2014, Naz et al., 
2015, Naz et al., 2016, Rehfuess et al., 2009) Other covariates such as mother’s age, parity, 
sex of the child were also included in this study.  
 
Breastfeeding status of children (ever breastfed “yes” or “no”) and location of the kitchen 
(separate kitchen “yes” or “no”) were considered a priori as factors that may indicate 
different levels of exposure to HAP from polluting fuels. Breastfeeding has been represented 
to be a protective factor for under-five mortality, generally in neonatal and infancy period 
(Ezeh et al., 2014, Naz et al., 2015, Naz et al., 2016, Victora et al., 2016) which may lower 
the risk of exposure associated with HAP. Moreover, breastfeeding practice plays an 
important role in the health and development of the children under-five years of age and 
decreases the risk of respiratory tract infections and some other diseases thereby contributing 
to reductions in childhood mortality. (Ladomenou et al., 2010, Victora et al., 2016) 
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Additionally, a household without a separate kitchen for cooking has also previously been 
associated as a proxy measure of a higher level of exposure to HAP, based on proximity to 
polluting fuel. (Dasgupta et al., 2006, Gurley et al., 2013a, Khalequzzaman et al., 2011, Naz 
et al., 2015, Naz et al., 2016, Rehfuess et al., 2009). Descriptive characteristics of study 
factors were provided as supporting information in a Table S4. 
 
Statistical Analysis 
Neonatal, post-neonatal, child and under-five mortality incidence proportions were calculated 
by following the similar approach of the DHS program provided by Rutstien and 
Rojas.(Rutstein and Rojas, 2006) Multilevel logistic regression models were used to 
investigate the association between use of cooking fuels and under-five mortality to account 
for the cluster survey design, and adjusted for the selected covariates. Trends in neonatal, 
post-neonatal, child and under-five mortality incidence from use of cooking fuel over time 
were also examined across the years 2001, 2006 and 2011 including an assessment of 
divergence or convergence between the slopes of period specific trends within each variable 
over the study period was assessed by testing the interaction between period and HAP from 
use of cooking fuel using likelihood ratio tests. Pooled analyses for under-five mortality were 
also conducted to identify the overall effect of HAP from the use of cooking fuels.  
 
Stratified analyses were also conducted by urban and rural areas, breastfeeding status and by 
the location of the kitchen (for 2006-2011 only, where information on the location of the 
kitchen was available) to determine whether the magnitude of the effect of the exposure on 
outcomes differed across different levels of these variables. Place of residence, breastfeeding 
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status and location of the kitchen were each combined with the type of cooking fuel as 
composite ordinal variables. Preliminary analyses showed there was a lack of sufficient data 
across the three datasets to consider stratified analyses for post-neonatal and child mortality, 
and as such stratified analyses are restricted to neonatal and total under-five mortality only.  
 
The “svy” survey command was used for calculating weighted mortality incidence 
proportions to adjust for the cluster sampling survey design and weights. For estimates of 
relative risk between exposure groups, random effects multilevel logistic regression models 
were conducted by using the “xtlogit” command and for likelihood ratio tests for interaction 
the “lrtest” command was used. This analysis adjusted for potential intra-class correlation of 
individuals within geographical sampling units. All analyses were carried out in STATA 
version 13.1 (Stata Corp: College Station, TX, USA). 
 
The population attributable fraction (PAF) was used to measure the proportion of neonatal 
and under-five mortality in Nepal that could theoretically be averted by eliminating the HAP 
from the use of cooking fuels in the Nepalese household, assuming the other risk factors 
remain unchanged. The PAF was calculated by using the following formula,(Murray et al., 
2003, Wilson et al., 2013) 
PAF ൌ ∑݌ሺRR െ 1ሻሺ1 ൅ ∑݌ሺRR െ 1ሻሻ 
 
Where p is the prevalence of exposure from cooking fuel and RR is the adjusted relative risk 
estimated from NDHS datasets (2001-2011). Breastfeeding status and location of the kitchen 
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each combined with the type of cooking fuel were used as risk factors for this analysis. A 
joint PAF across all risk factors was also calculated by using the following formula, (Wilson 
et al., 2013) 
	PAF	ሺCombinedሻ ൌ 1 െෑሺ1 െ PAF௥ሻ
ோ
௥ୀଵ
 
 
Where r denotes each individual risk factor. PAF assumes that risk factors are independent 
and uncorrelated and has been reduced by the use of relative risks that has been adjusted for 
potential confounders.  
 
However, PAF provides estimates based on the unrealistic counterfactual scenario of the 
elimination of exposure from a given population when exposure would be reduced to 
zero.(Rockhill et al., 1998) Therefore, this study also measured PIF for comparison with PAF 
estimates to measure the theoretical minimum prevalence for each risk factor and to provide 
evidence of the potential impact of previous interventions(Singh et al., 2012) that may be of 
interest to policy makers in Nepal for decreasing under-five mortality associated with HAP 
from cooking fuel. The PIF was calculated by using the following formula,(Barendregt and 
Veerman, 2010) 
Potential	Impact	Fraction	ሺPIFሻ ൌ ∑ ݌௖ܴܴ௖ െ ∑ ݌௖		
∗ ܴܴ஼௡௖ୀଵ௡௖ୀଵ
∑ ݌௖௡௖ୀଵ ܴܴ௖  
 
Where pc is the proportion of the children in a given exposure category c, RRc is the adjusted 
relative risk for that category and pc* is the estimated proportion in category c after the 
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intervention. In the analysis for this present study, the estimated effect of interventions was 
based on previously published intervention studies in Nepal where impact fractions were 
measured assuming a reduction of 63% in HAP from the use of cooking fuel by using 
improved cook stoves.(Singh et al., 2012)   
 
Monte-Carlo simulation models were used to measure the 95% confidence intervals (CI) for 
PAF & PIF estimates, to account for the uncertainty around the exposure prevalence and 
relative risk estimates. A beta probability distribution for exposure prevalence estimates 
(based on cases and controls) using the ErBeta function and a normal distribution for relative 
risk estimates (based on a normal distribution for the natural logarithm of the RR) using the 
ErRelative function were used to estimate 95% CI for PAF and PIF estimates after 10,000 
iterations to ensure convergence of model using the Ersatz Software1.31 in MS 
Excel.(Barendregt, 2009) The PAF and PIF estimates were then multiplied by the estimated 
total number of mortality cases to obtain the number of neonatal and under-five mortality 
cases attributable to each exposure. 
 
Ethics  
The Demography and Health Survey (DHS) project sought and obtained the required ethical 
approvals from ethics committees in Nepal before the surveys were conducted. Informed 
consent was obtained from study participants before their participation in the surveys. 
Publicly available, de-identified datasets were used in this study following approval from The 
DHS Program (http://www.dhsprogram.com/) to download and use the data. 
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Results 
From 2001 to 2011, the incidence proportion of total under-five mortality in Nepal decreased 
in the polluting fuel user group. In 2001 under-five mortality was 7.1% which declined to 
4.7% per year in 2011 among households using polluting fuels for cooking (Figure 18). A 
similar decreasing pattern was also evident for neonatal, post-neonatal and child mortality 
(Figure 18). In contrast, the incidence proportion for neonatal, post-neonatal, child and under-
five mortality increased over time in the clean fuel user group (Figure 18).  
 
Use of polluting fuels for cooking was associated with a greater risk of neonatal mortality 
(OR=2.67, 95%CI=1.47-4.82, P=0.001), followed by post-neonatal (OR=1.61, 95%CI=0.67-
3.87, P=0.287) and child mortality (OR=1.29, 95%CI=0.33-4.99, P=0.712) after adjusting for 
covariates (Table 16). Moreover, use of polluting fuels and overall under-five mortality also 
showed a significant association (OR=12.19, 95%CI=1.37-3.51, P=0.001) after adjustment 
(Table 17). Relative differences in neonatal mortality and under-five mortality (where 
sufficient cases were available) decreased over time between the polluting fuel and clean fuel 
groups (Figure 18). Additional table (Table S5) was provided for neonatal and under-five 
mortality showing the association for each survey year. 
 
Analyses stratified by place of residence, breastfeeding status and location of kitchen each 
combined with use of cooking fuels were shown for neonatal and under-five mortality to 
investigate different levels of exposure to cooking fuel (Table 18). Of the 1,014 estimated 
cases of under-five mortality in Nepal, 65.6% (95%CI: 64.8-66.4%) of under-five mortality 
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(487 cases) were attributable to HAP from cooking fuel in women who had never breastfed 
and used polluting fuels for cooking and 53.3% (95%CI: 53.0-53.7%) of under-five mortality 
(403 cases) were attributable to HAP from cooking fuel in women who had no separate 
kitchen and used polluting fuels for cooking (Table 19). Additionally, potential impact 
fractions assuming a 63% reduction on HAP based on scenario of published potential 
intervention on Nepal (Singh et al., 2012) suggested that 39.0% (95%CI: -1.5-99.4%) burden 
of under-five mortality could be avoidable related with women who had never breastfed and 
used polluting fuels and 33.4% (95%CI: -27.8-162.6%) of under-five mortality could be 
avoidable in household who had no separate space for kitchen and used polluting fuels (Table 
19). 
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Figure 18: Mortality trend in all age-groups of children under-five associated with use 
of cooking fuel in Nepal. 
Note: Here, odds ratios (OR) were for linear trend (i.e. the period effects) for each exposure group 
(clean or polluting fuel) and P for interaction based on likelihood ratio test of ‘period’ by ‘exposure to 
polluting fuels’. Analyses were adjusted for place of residence, ecological zone, wealth index, 
maternal age, maternal education, maternal working status, parity, sex of child, breastfeeding status 
and floor material of house. 
169 
 
Table 16: HAP from cooking fuel associated with neonatal and post neonatal mortality in Nepal: a pooled analysis for 2001-2011  
  Neonatal    Post neonatal 
Study factors n a n (%)b OR c 95%CI P value n a n (%)b OR c 95%CI P value 
Type of Cooking Fuel         
Clean fuel d e 
 
15 
 
1.1 
 
1.00 
  
7 
 
0.4 
 
1.00 
 
Polluting fuel f 557 3.3 2.67 (1.47-4.82) 0.001 310 1.7 1.61 (0.67-3.87) 0.287 
Place of Residence         
Urban d 
 
78 
 
2.3 
 
1.00 
  
39 
 
1.0 
 
1.00 
 
Rural 494 3.2 1.08 (0.81-1.46) 0.588 278 1.7 0.92 (0.61-1.38) 0.681 
Ecological zone         
Mountain 
 
110 
 
4.2 
 
1.00 
  
73 
 
2.8 
 
1.00 
 
Hill 203 2.8 0.87 (0.67-1.13) 0.290 102 1.4 0.68 (0.47-0.98) 0.038 
Terai 259 3.3 0.92 (0.71-1.19) 0.522 142 1.7 0.86 (0.60-1.23) 0.409 
Wealth Index 
        
High income d 
 
48 
 
1.8 
 
1.00 
  
19 
 
0.7 
 
1.00 
 
Middle income 204 3.3 1.96 (1.20-3.19) 0.007 102 1.5 2.32 (1.10-4.91) 0.027 
Low income 320 3.5 2.37 (1.41-3.98) 0.001 196 2.0 3.07 (1.40-6.73) 0.005 
Maternal Age 
        
40-49 d 
 
29 
 
3.0 
 
1.00 
  
17 
 
1.6 
 
1.00 
 
<20 62 4.9 0.96 (0.55-1.65) 0.871 31 2.2 1.54 (0.74-3.23) 0.252 
20-29 354 3.2 0.54 (0.34-0.86) 0.010 199 1.6 0.98 (0.53-1.81) 0.954 
30-39 127 2.6 0.78 (0.50-1.22) 0.274 70 1.5 0.90 (0.51-1.59) 0.717 
Maternal Education         
Secondary/ Higher d 
 
88 
 
2.3 
 
1.00 
  
28 
 
0.6 
 
1.00 
 
Primary 90 2.8 1.29 (0.93-1.80) 0.129 47 1.6 2.10 (1.23-3.58) 0.007 
No education 394 3.6 1.84 (1.38-2.47) <0.001 242 2.0 3.21 (1.97-5.23) <0.001 
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Maternal Working Status 
        
Not Working d 
 
148 
 
3.3 
 
1.00 
  
57 
 
1.1 
 
1.00 
 
Working 424 3.1 0.92 (0.73-1.16) 0.482 260 1.9 1.44 (1.02-2.03) 0.041 
         
Parity         
0-2 prior births 
 
410 
 
4.4 
 
1.00 
  
200 
 
1.9 
 
1.00 
 
3-4 prior births 118 1.9 0.33 (0.26-0.43) <0.001 83 1.4 0.54 (0.40-0.73) <0.001 
5 or more prior births 44 1.5 0.20 (0.13-0.30) <0.001 34 1.2 0.42 (0.26-0.69) 0.001 
Sex of Child 
        
Female d 
 
247 
 
3.0 
 
1.00 
  
154 
 
1.7 
 
1.00 
 
Male 325 3.3 1.27 (1.06-1.51) 0.008 163 1.6 1.03 (0.82-1.30) 0.768 
Breastfeeding Status         
Ever breastfed d 
 
284 
 
1.9 
 
1.00 
  
161 
 
1.0 
 
1.00 
 
Never breastfed 288 8.0 4.73 (3.95-5.67) <0.001 156 4.0 4.69 (3.69-5.96) <0.001 
Household’s Floor Material         
Cement/carpet d 
 
46 
 
2.3 
 
1.00 
  
21 
 
1.1 
 
1.00 
 
Earth/sand 499 3.2 0.64 (0.39-1.03) 0.067 285 1.7 0.51 (0.26-1.03) 0.061 
Year of Survey 
2001 d 
 
251 
 
3.5 
 
1.00 
  
158 
 
2.3 
 
1.00 
 
2006 171 2.8 0.84 (0.68-1.04) 0.123 88 1.4 0.75 (0.57-0.99) 0.049 
2011 150 3.0 0.81 (0.64-1.03) 0.089 71 1.1 0.71 (0.51-0.98) 0.041 
Note: a n=number of mortality cases of children for neonatal and post neonatal age-group;  b weighted incidence proportion of  mortality cases; c odds ratio 
adjusted for  place of residence, ecological zone, wealth index,  maternal age, maternal education, maternal working status, parity, sex of child, breastfeeding 
status, floor material of house and year of survey; d Reference category; e clean fuels= electricity, LPG, natural gas, biogas; f Polluting fuels= kerosene, 
coal/lignite, charcoal, wood, straw/shrubs/grass, agricultural crop and animal dung.  
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Table 17: HAP from cooking fuel associated with child and under-five mortality in Nepal: a pooled analysis for 2001-2011  
  Child   Under-five 
Study factors n a n (%)b OR c 95%CI P value n a n (%)b OR c 95%CI P value 
Type of Cooking Fuel         
Clean fuel d e 3 0.2 1.00  25 1.7 1.00  
Polluting fuel f 122 0.8 1.29 (0.33-4.99) 0.712 989 5.8 2.19 (1.37-3.51) 0.001 
Place of Residence 
        
Urban d 9 0.3 1.00  126 3.6 1.00  
Rural 116 0.8 1.53 (0.72-3.26) 0.274 888 5.7 1.07 (0.84-1.35) 0.600 
Ecological zone         
Mountain 25 1.0 1.00  208 7.9 1.00  
Hill 38 0.6 0.74 (0.44-1.26) 0.271 343 4.7 0.78 (0.63-0.97) 0.024 
Terai 62 0.8 1.16 (0.70-1.92) 0.576 463 5.8 0.93 (0.74-1.15) 0.488 
Wealth Index 
        
High income d 8 0.3 1.00  75 2.7 1.00  
Middle income 30 0.5 0.63 (0.22-1.79) 0.382 336 5.3 1.86 (1.25-2.75) 0.002 
Low income 87 1.0 1.08 (0.37-3.16) 0.883 603 6.5 2.45 (1.61-3.71) <0.001 
Maternal Age 
        
40-49 d 14 1.7 1.00  60 6.3 1.00  
<20 2 0.2 0.09 (0.02-0.42) 0.002 95 7.3 0.89 (0.58-1.36) 0.592 
20-29 69 0.7 0.32 (0.15-0.67) 0.003 622 5.5 0.57 (0.40-0.81) 0.002 
30-39 40 0.9 0.58 (0.30-1.12) 0.105 237 4.9 0.75 (0.55-1.04) 0.090 
Maternal Education         
Secondary/ Higher d 12 0.3 1.00  128 3.1 1.00  
Primary 8 0.3 0.67 (0.26-1.70) 0.395 145 4.6 1.40 (1.06-1.84) 0.017 
No education 105 1.0 1.75 (0.86-3.55) 0.120 741 6.6 2.19 (1.72-2.78) <0.001 
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Maternal Working Status 
        
Not Working d 18 0.4 1.00  223 4.7 1.00  
Working 107 0.9 1.32 (0.76-2.29) 0.321 791 5.9 1.10 (0.91-1.33) 0.327 
Parity 
        
0-2 prior births 
 
69 
 
0.7 
 
1.00 
  
679 
 
7.0 
 
1.00 
 
3-4 prior births 35 0.7 0.43 (0.27-0.68) <0.001 236 4.0 0.38 (0.32-0.46) <0.001 
5 or more prior births 21 0.8 0.31 (0.16-0.60) <0.001 99 3.6 0.25 (0.19-0.33) <0.001 
Sex of Child 
        
Female d 67 0.8 1.00  468 5.5 1.00  
Male 58 0.6 0.81 (0.57-1.16) 0.255 546 5.5 1.13 (0.99-1.29) 0.078 
Breastfeeding Status         
Ever breastfed d 65 0.5 1.00  510 3.4 1.00  
Never breastfed 60 1.7 3.92 (2.72-5.67) <0.001 504 13.7 5.16 (4.48-5.94) <0.001 
Household’s Floor Material         
Cement/carpet d 4 0.2 1.00  71 3.5 1.00  
Earth/sand 120 0.8 2.65 (0.73-9.65) 0.139 904 5.8 0.68 (0.46-1.01) 0.057 
Year of Survey 
2001 d 77 1.2 1.00  486 7.0 1.00  
2006 33 0.6 0.63 (0.41-0.98) 0.040 292 4.7 0.76 (0.64-0.90) 0.001 
2011 15 0.3 0.37 (0.20-0.68) 0.001 236 4.4 0.69 (0.57-0.83) <0.001 
Note: a n=number of mortality cases of children for child and under-five age-group;  b weighted incidence proportion of  mortality cases; c odds ratio adjusted 
for  place of residence, ecological zone, wealth index,  maternal age, maternal education, maternal working status, parity, sex of child, breastfeeding status, 
floor material of house and year of survey; d Reference category; e clean fuels= electricity, LPG, natural gas, biogas; f Polluting fuels= kerosene, coal/lignite, 
charcoal, wood, straw/shrubs/grass, agricultural crop and animal dung.  
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Table 18: Risk of mortality by geographical region, breastfeeding status and kitchen location 
  Neonatal Under-five 
Study Factors n a n (%)b OR c 95%(CI) P value n a n (%)b OR c 95%(CI) P value 
Combined Association of  Residence and 
Use of Cooking fuel g 
Urban residence used clean fuels d e 8 0.9 1.00 13 1.5 1.00 
Urban residence used polluting fuels f 70 3.0 3.13 (1.49-6.64) 0.003 113 4.7 2.79 (1.54-5.06) 0.001 
Rural residence used clean fuels e 7 1.2 1.35 (0.49-3.77) 0.561 12 1.9 1.43 (0.64-3.17) 0.385 
Rural residence used polluting fuels f 487 3.3 3.30 (1.61-6.80) 0.001 876 5.9 3.12 (1.76-5.53) <0.001 
Combined Association of  Breastfeeding 
Status and Use of Cooking fuel h         
Ever breastfed & used clean fuels d e 5 0.4 1.00  8 0.8 1.00  
Ever breastfed & used polluting fuels f 279 2.0 2.91 (1.18-7.18) 0.021 502 3.6 2.67 (1.30-5.49) 0.007 
Never breastfed & used clean fuels e 10 2.2 3.59 (1.22-10.60) 0.021 17 3.4 3.96 (1.69-9.29) 0.002 
Never breastfed & used polluting fuels f 
 
278 8.8 13.47 (5.46-33.27) <0.001 487 15.3 13.25 (6.47-27.15) <0.001 
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Combined Association of  Kitchen 
Location and Use of Cooking fuel i         
Separate kitchen used clean fuels d e 1 0.1 1.00  4 1.4 1.00  
Separate kitchen used polluting fuels f 68 2.8 6.96 (0.95-50.95) 0.056 101 4.5 2.33 (0.84-6.51) 0.106 
No separate kitchen used clean fuels e 13 1.4 2.98 (0.39-22.98) 0.295 20 2.0 1.15 (0.35-3.42) 0.804 
No separate kitchen used polluting fuels f 239 3.2 7.19 (0.99-52.25) 0.051 403 5.1 2.66 (0.96-7.33) 0.060 
Note: a n= number of mortality cases of children for neonatal and under-five age-group; b weighted incidence proportion of mortality cases;  c adjusted odds 
ratio; d Reference category; e clean fuels= electricity, LPG, natural gas, biogas; f Polluting fuels= kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass, 
agricultural crop and animal dung; g analyses adjusted for parity,  maternal age and education, h analyses adjusted for parity, maternal age, maternal education 
and place of residence and  i analyses by these combined factors (location of kitchen and type of cooking fuel) were restricted for the year 2006-2011 and 
adjusted for parity, maternal age, maternal education and place of residence.  
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Table 19: Population Attributable Fractions (PAF) and Potential Impact Fractions (PIF) for use of cooking fuel associated with neonatal 
and under-five mortality 
    Risk factors Cases PAF% (95%CI) 
Joint PAF% 
(95%CI) 
PIF% (95%CI) (63% 
reduction on HAP 
(Singh et al., 2012)) 
Neonatal 
mortality 
Combined breastfeeding status of 
mother with use of cooking fuel 
Ever breastfed & used polluting fuels 279 59.2 (59.0-59.4) 
Never breastfed & used clean fuels 10 6.5 (5.9-7.0) 
Never breastfed & used polluting fuels 278 67.1 (66.4-67.9) 87.5 (87.2-87.8) 42.9 (-10.3-132.7) 
Combined location of kitchen 
with use of cooking fuel 
Separate kitchen used polluting fuels 68 54.5 (53.6-55.5) 
No separate kitchen used clean fuels 13 14.7 (13.9-15.5) 
No separate kitchen used polluting fuels 239 81.0 (80.9-81.2) 92.6 (92.5-92.8) 39.7 (-52.0-410.4) 
Under-five 
mortality 
Combined breastfeeding status of 
mother with use of cooking fuel 
Ever breastfed & used polluting fuels 502 56.2 (56.0-56.4) 
Never breastfed & used clean fuels 17 7.4 (6.8-8.0) 
Never breastfed & used polluting fuels 487 65.6 (64.8-66.4) 86.0 (85.7-86.4) 39.0 (-1.5-99.4) 
Combined location of kitchen 
with use of cooking fuel 
Separate kitchen used polluting fuels 101 21.2 (20.6-21.8) 
No separate kitchen used clean fuels 20 1.3 (1.2-1.4) 
No separate kitchen used polluting fuels 403 53.3 (53.0-53.7) 63.7 (63.3-64.1) 33.4 (-27.8-162.6) 
Note: PAF: Population attributable fraction; PIF: Potential impact fraction, PIFs were calculated assuming a 63% reduction on HAP based on published 
intervention study on Nepal (Singh et al., 2012) 
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Discussion 
The incident proportion for under-five mortality in the country decreased significantly over 
the study period in those reporting use of polluting fuel, whereas there was an increasing 
trend in those reporting clean fuel for cooking. Findings from this study suggested that the 
risk of death associated with the use of cooking fuel among young children was higher in the 
neonatal period than in older age groups, and was generally consistent with previous 
population-based studies. (Epstein et al., 2013, Naz et al., 2015, Tielsch et al., 2009) 
Households having no separate kitchen for cooking their meals were at greater risk of under-
five mortality in each separate age group. Similar findings were evident for households in 
rural areas compared with urban ones, also mothers who breastfed their children were at 
lower risk of death. This study also assessed the number of cases of neonatal and under-five 
mortality in Nepal attributable to the key behaivoral and environmental factors of 
breastfeeding status and location of the kitchen and estimated the avoidable burden of under-
five mortality cases assuming potential impacts of published interventions in Nepal (Singh et 
al., 2012) for reducing HAP. The present study suggests that 33% of cases of under-five 
mortality could be avoidable by cooking in a separate kitchen assuming the impact of this 
previous intervention. (Singh et al., 2012) 
 
This study is the first national investigation of HAP form cooking fuel and under-five 
mortality in Nepal. More than 82% of rural households in Nepal rely on solid fuels as a 
domestic source of energy and the only option for cooking, whereas cleaner fuels (natural 
gas/LPG) were more common in urban settings. (Devakumar et al., 2014, Ministry of Health 
Population - MOHP/Nepal et al., 2012) Moreover, the household structure in rural areas is 
vulnerable to HAP, as 70% of the houses were constructed of wood and mud with poor 
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ventilation. (Central Bureau of Statistics – CBS/Nepal, 2012, Ranabhat et al., 2015) 
Community-based cross-sectional studies from Nepal reported that the prevalence of 
respiratory illness was considerably higher in those living in mud/ brick houses compared 
with concrete houses and also higher in those living in rural areas compared with urban 
areas.(Ranabhat et al., 2015) Similar findings were also evident in the present study for 
mortality outcomes.  
 
Past studies from developing countries showed that location of the kitchen in the house is an 
important factor for the association between HAP and under-five mortality.(Naz et al., 2015, 
Naz et al., 2016, Rehfuess et al., 2009) Households without a separate kitchen have a higher 
level of concentrations of fine particles and young children were exposed to smoke during 
time spent indoors while the mother is cooking.(Munroe and Gauvain, 2012) A recent NDHS 
report reported that approximately 71% of Nepalese households were cooking their daily 
meals in the house without a separate kitchen, with only 19.7% of households having a 
separate kitchen. (Ministry of Health Population - MOHP/Nepal et al., 2012) Breastfeeding is 
a protective factor against infection and respiratory illnesses in infants. (Victora et al., 2016) 
In this study, breastfeeding in the first one year of life was found to be associated with 
substantially lower risk of mortality among young children even among those exposed to 
cooking fuel, consistent with previous similar studies in Nigeria, India and Bangladesh,(Ezeh 
et al., 2014, Naz et al., 2015, Naz et al., 2016) but not previously demonstrated in Nepal.  
 
A number of methodological considerations were taken into account for the present study. 
Firstly, there may be misclassification in categorising participants into exposed or not 
exposed to cooking fuel. Some households use a combination of polluting and clean fuels and 
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information was only collected on primary fuel use in DHS survey. One recent study on 
Nepal showed that expensive fuels like gas were used for short cooking occasions (for 
example, making tea or snacks), whereas biomass fuels were used for cooking main 
meals.(Devakumar et al., 2014) This study also did not account for past exposure to cooking 
fuel or recent changes in cooking methods. 
 
Secondly, a possibility of recall bias was there as mothers self-reported the birth and death 
information of children. This study controlled analyses to those children born within a five-
year period prior to the survey date in order to minimise the likelihood of recall bias. Thirdly, 
the analyses were based on a series of cross-sectional datasets and thus clear temporal 
associations between the exposure (cooking fuel) and outcome (mortality) cannot be 
established.  
 
Additionally, only all-cause mortality was considered in this study for the analysis of the 
association between HAP and under-five mortality. Information on cause-specific mortality 
outcomes was not available in the Nepal DHS data. Verbal autopsy questionnaires are 
employed for identifying the cause of deaths in the DHS program; however, this information 
is of variable quality and data for verbal autopsy are not publicly available in  NDHS dataset 
on the DHS Program website (https://dhsprogram.com/). Including all-cause mortality will 
also include mortality outcomes that were not associated with HAP, a likely source of 
ascertainment bias in the mortality outcome. Acute lower respiratory infection was the 
leading cause of death in under-five children based on estimates from the 2010 Global 
Burden of Disease (GBD) study in Nepal. (Institue of Health Metrics and Evaluation - IHME, 
2010a) HAP from the use of cooking fuel is a major cause of respiratory infections among 
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young children and therefore can be associated with the deaths caused by those illnesses. In 
the past few years specifically between 2006 and 2011, Nepal has made enormous progress to 
prevent the most important causes of child mortality through successful community-based 
and national level interventions, including high coverage of semi-annual vitamin A 
supplementation and deworming, high rates of full child immunization and moderate 
coverage of exclusive breastfeeding of children under 6 months of age. (PMNCH et al., 2014) 
 
Notwithstanding these methodological limitations, this study is the first large-scale nationally 
representative investigation on trends and differentials in the association between use of 
cooking fuel and under-five mortality in Nepal. This study also for the first time has 
considered the role of behavioural and environmental factors that may be points of making 
policy at the national level. Additionally, no studies in Nepal estimated the attributable or 
avoidable burden of under-five mortality cases associated with HAP from cooking fuel based 
on the potential impact of past interventions. Interventions to mitigate the health risk 
associated with HAP and the use of polluting fuel is desired in rural and low-income urban 
areas of Nepal. Changes in energy technology, such as switching to cleaner fuels (for 
example, LPG/natural gas, biogas and electricity) need to be promoted to reduce exposure to 
polluting fuel;(Acharya et al., 2015, Joshi, 2006) however, is not an affordable option for 
many poor families in Nepal because of poor infrastructure and cost aspects, and thus is an 
intervention requiring long-term support. (Devakumar et al., 2014, Dhimal et al., 2010, Joshi, 
2006) 
 
Another shorter term and cost effective alternative to lower emission from HAP is the 
placement of improved cooking stove (with chimney), one possible solution suggested by 
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intervention studies in Nepal.(Singh et al., 2012) These improved cook stoves are made with 
mud, and are a simple and cheap intervention for reducing HAP in rural households.(Singh et 
al., 2012) The Alternative Energy Promotion Centre (AEPC) in Nepal has been promoting 
domestic biogas plants and improved cooking stoves since 1996 and the recent annual 
progress report showed that 22,112 biogas plants have been installed in 62 districts and a total 
of 128,345 mud-based cooking stoves have been installed all over the country as a measure to 
reduce HAP. (Alternative Energy Promotion Centre, 2013) The present study also suggests 
that promoting breastfeeding practices in the first year of life, and raising awareness of 
cooking in a separate kitchen and removing children from the cooking area may be additional 
behavioral interventions. Exposure from this modifiable risk factor can be avoidable through 
improvements in house design, behavioural intervention, health system policies and targeting 
particularly rural and low-income urban communities with poor socio-economic status. 
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Supporting information 
Table S4: Distribution of study factors associated with under-five mortality in Nepal for 
each year of the survey 
  2001 2006 2011 
Study factors N N (%) N N (%) N N (%) 
Type of cooking fuel   
Clean fuel 1038 3.58 2147 8.13 4594 17.26 
polluting fuel 27917 96.42 24247 91.87 22021 82.74 
Place of residence        
Urban 3424 11.83 6057 22.95 6323 23.76 
Rural 25531 88.17 20337 77.05 20292 76.24 
Ecological zone       
Mountain 4297 14.84 3747 14.20 4855 18.24 
Hill 10395 35.90 9918 37.58 10548 39.63 
Terai 14263 49.26 12729 48.23 11212 42.13 
Wealth Index   
High income 2684 9.27 4636 17.56 8751 32.88 
Middle income 8497 29.35 11306 42.84 11968 44.97 
Low income 17774 61.38 10452 39.60 5896 22.15 
Mother's age   
40-49 10307 35.60 9588 36.33 9456 35.53 
<20 422 1.46 362 1.37 350 1.32 
20-29 7235 24.99 6855 25.97 6574 24.70 
30-39 10991 37.96 9589 36.33 10235 38.46 
Mother's education   
Secondary or higher 2131 7.36 3046 11.54 5275 19.82 
Primary 3064 10.58 3320 12.58 4353 16.36 
No education 23760 82.06 20028 75.88 16987 63.82 
Mother's working status   
 Working 3448 11.91 5552 21.04 7949 29.87 
Not working 25507 88.09 20842 78.96 18666 70.13 
Parity       
0-2 prior births 6063 20.94 6271 23.76 8088 30.39 
3-4 prior births 12140 41.93 11595 43.93 11855 44.54 
5 or more prior births 10752 37.13 8528 32.31 6672 25.07 
Sex of child        
Female 14236 49.17 13029 49.36 12881 48.40 
Male 14719 50.83 13365 50.64 13734 51.60 
Breastfeeding Status   
ever breastfed 12626 43.61 9350 35.42 7721 29.01 
never breastfed 16329 56.39 17044 64.58 18894 70.99 
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Household’s floor material * 
cement/carpet 2614 9.03 3048 11.55 6427 24.15 
Earth/sand 26319 90.90 20676 85.91 19495 73.25 
       
Separate kitchen **   
Yes . . 5625 21.61 6761 25.75 
No . . 20406 78.39 19479 74.19 
Note: * Percentage did not add up to 100% because of missing values. ** No observation was available 
before year 2006 and percentage did not add up to 100% because of missing values. 
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Supporting Information 
Table S5: HAP from cooking fuel associated with neonatal and under-five mortality in each survey year (2001, 2006 & 2011) 
      2001 2006 2011   
  Study Factors n a n (%)b OR c 95% CI 
P 
value n a n (%)b OR c 95% CI 
P 
value n a n (%)b OR c 95% CI 
P 
value 
P for 
interaction 
Neonatal 
mortality Type of cooking fuel 
Clean fuel d e 1 0.4 1.00 3 0.4 1.00 11 1.6 1.00  
polluting fuel f 250 3.6 4.06 (0.52-31.58) 0.181 168 3.0 3.68 (1.05-12.84) 0.041 139 3.3 2.41 (1.10-5.30) 0.028 0.516 
Under-five 
mortality Type of cooking fuel                           
Clean fuel d e 1 0.4 1.00 7 0.9 1.00 17 2.5 1.00  
  polluting fuel f 485 7.1 6.30 (0.83-47.64) 0.075 285 5.0 2.34 (0.98-5.60) 0.056 219 4.7 2.17 (1.15-4.11) 0.017 0.179 
Note: a n=number of mortality cases of children for neonatal and under-five age-group;  b weighted incidence proportion of  mortality cases; c odds ratio 
adjusted for  place of residence, ecological zone, wealth index,  maternal age, maternal education, maternal working status, parity, sex of child, breastfeeding 
status, floor material of house and year of survey; d Reference category; e clean fuels= electricity, LPG, natural gas, biogas; f Polluting fuels= kerosene, 
coal/lignite, charcoal, wood, straw/shrubs/grass, agricultural crop and animal dung.  
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Chapter Nine 
Attributable risk and potential impact of interventions to reduce HAP from 
cooking fuel associated with under-five mortality in South Asia- a synthesis 
of thesis findings to inform policies and interventions 
 
Synopsis of chapter 
Solid fuel use is the major source of household air pollution (HAP) and accounts for a 
substantial burden of morbidity and mortality in low and middle-income countries in South 
Asia. The enormous use of unprocessed solid fuels in this region has an adverse effect on the 
health of young children. It is well established from the findings of this thesis that exposure 
to HAP from cooking fuel is associated with an increased risk of under-five mortality in 
Bangladesh, India, Pakistan and Nepal. Therefore, this study for the first time aims to assess 
and compare childhood mortality attributable to HAP from cooking fuel to reduce exposure 
prevalence in national populations of four South Asian countries to inform policies and 
interventions. Findings from this study suggested that the risk of under-five mortality is 
higher in those exposed to cooking fuel compared to those not exposed for South Asia 
(OR=1.30, 95%CI=1.07-1.57, P=0.007). Combined population attributable fraction (PAF) 
estimates for South Asia found that 18% of the estimated cases of under-five mortality was 
attributable to HAP from cooking fuel. Joint Potential impact fraction (PIF) estimates 
(assuming achievable reductions in HAP reported in intervention studies conducted in South 
Asia) indicate 47% of neonatal and 43% of under-five mortality cases associated with HAP 
from cooking fuel could be avoidable in this region.  
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Notes on data source and analysis 
A series of Demographic and Health Survey (DHS) datasets for Bangladesh, India, Pakistan 
and Nepal were used for analysis. Estimates of relative risk and exposure prevalence relating 
to the use of cooking fuel and under-five mortality from each South Asian countries were 
used to calculate PAFs for that country. PIFs were also calculated assessing theoretical 
scenarios based on published interventional studies in South Asia aiming to reduce exposure 
prevalence to inform strategic initiatives and policy responses.  
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re-consideration; proof read the final revised manuscript and also approved the final proof 
read manuscript as published.  
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 Introduction 
Household air pollution (HAP) from unprocessed fuels traditionally used for cooking is a key 
public health hazard and one of the leading environmental causes of disability worldwide, 
predominantly due to respiratory illness and deaths among children under-five years of age in 
low and lower-middle-income countries (Bonjour et al., 2013, Fullerton et al., 2008, Smith 
and Mehta, 2003). In low and middle income countries, burning of solid fuels (such as wood, 
animal dung, crop residues, charcoal and coal) on traditional stoves or open fire releases 
harmful health-damaging pollutants/chemicals include carbon monoxide and particulate 
matter (PM) and exposure to these pollutants result in respiratory illness and deaths (Naeher 
et al., 2007, WHO, 2006). Globally, more than 2.9 million deaths have been attributable to 
HAP from solid fuel use in 2015 (GBD Risk Factors Collaborators, 2016). Women who are 
responsible for cooking in most developing societies and their accompanying young children 
are more likely to be exposed to HAP and the development of acute lower respiratory 
infections (ALRIs) (Lim et al., 2012, Munroe and Gauvain, 2012, Rehfuess et al., 2011). 
Children have a disproportionate exposure to HAP as air intake of an infant is approximately 
twice that of adults, exacerbated by time spent indoors, (Munroe and Gauvain, 2012) which 
results in inhaling more pollutants present into the indoor air (Jenny Pronczuk-Garbino and 
WHO, 2005, WHO, 2005). 
 
South Asia is home to a large, fast-growing population with a substantial proportion of the 
population living in poverty, and a region of the world with the highest population density 
(Engelgau, 2011). There is a great variation in population size among countries, yet all 
countries have similar population proportions living in rural areas in poor conditions where 
access to clean energy resources is limited and more than 80% of the population still rely on 
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solid fuels as domestic source of energy in this region (Bonjour et al., 2013, Engelgau, 2011, 
WHO, 2007). South Asia has achieved great improvements in population health over the past 
six decades, and all countries in this region have seen significant declines in under-five 
mortality (more than a two-thirds decline in infant mortality since the early 1980s) (Bloom et 
al., 2011). Substantial progress has been made toward achieving the Millennium 
Development Goal 4 (MDG 4) target of reducing the under-five mortality rate between 1990 
and 2013 from 90 to 46 deaths per 1000 live births, although there are considerable 
differences between countries and regions (Lozano et al., 2011, Wardlaw et al., 2014). 
Despite this, ARI remains to be the leading single cause of under-five deaths in South Asia 
(Lim et al., 2012, Walker et al., 2013). HAP from the use of solid fuel is mostly associated 
with ALRIs which is also ranked 7th as a risk factor and 1st as an environmental risk factor in 
the global burden of disease (GBD) study 2013 (Forouzanfar et al., 2015). As a significant 
portion of household in South Asia still depend on solid fuels for cooking, understanding the 
effect of HAP on mortality in children under-five is important. Cooking fuel is a modifiable 
exposure (Dherani et al., 2008) and eliminating exposure from this risk factor might be a way 
for further progress toward reducing the burden of under-five mortality.     
 
It is well documented from studies in South Asian countries (Epstein et al., 2013, Naz et al., 
2015, Naz et al., 2016, Naz et al., 2017b, Naz et al., 2017a, Pandey and Lin, 2013, Tielsch et 
al., 2009) that exposure to HAP from cooking fuel is associated with an increased risk of 
respiratory infections leading to under-five mortality. However, no previous studies have 
assessed the burden of under-five mortality that could be attributable by eliminating the 
exposure from HAP in the population under a more favorable distribution of risk factors 
based on previous intervention studies in South Asian context. Therefore, the aim of this 
study was to assess the attributable risk associated with HAP from cooking fuel and to 
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examine theoretical scenarios assessing the potential impact of previous interventions (Nasir 
et al., 2013, Singh et al., 2012) to eliminate exposure prevalence associated with under-five 
mortality in national populations of the four South Asian countries to inform policies and 
interventions. 
 
Methods 
Data sources 
Nationally representative and publicly available Demographic and Health Survey (DHS) 
datasets for four South Asian countries Bangladesh, India, Nepal and Pakistan were analysed 
in this study, with approval from the DHS program (http://www.dhsprogram.com). All 
existing datasets (for Bangladesh for the years 2004, 2007, 2011 & 2014; for Nepal for 2001, 
2006 & 2011; for India for 1992-93, 1998-99 & 2005-06, and for Pakistan for the year 2012-
13) with available information on the type of cooking fuel were used in the analysis. The 
DHS program is responsible for collecting, summarizing and publishing nationally 
representative data on health and population in developing countries. This program is 
implemented by ICF international of Calverton, Maryland, USA and financial support from 
the United States Agency for International Development (USAID). Demographic and health 
data of urban and rural areas were collected by interviewing ever-married women and men 
using a stratified sample of households based on a two-stage cluster design with an average 
response rate of more than 90% in South Asia. An index period of five years was used for 
each survey to minimize recall bias of child birth and death information which was self-
reported by the mother. A total of 221,745 singleton live-born children from Bangladesh, 
India, Nepal and Pakistan were obtained in this study, of which 13,290 died within 5-years 
prior to the mother being interviewed.  
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Study outcomes 
The main outcome variable in this study was under-five mortality (number of deaths between 
birth and the fifth birthday, 0-59 months). The analyses were also carried out for neonatal 
mortality (number of deaths during the first 28 days of life, 0-28 days), as most of the deaths 
occurred in the first month of life of children in these study countries. Outcome variables 
were considered dichotomous for the analysis.  
 
Exposure to cooking fuel 
The main exposure of interest was the type of cooking fuel used in the household. The 
respondents were asked, “What type of fuel does your household mainly use for cooking?” 
The reported fuels were categorised into “clean fuels” (electricity, liquid petroleum gas 
(LPG), natural gas and biogas) and “polluting fuels” (kerosene, coal/lignite, charcoal, wood, 
straw/shrubs/grass, agricultural crop and animal dung) in the analysis. Previous studies 
reporting the adverse effects of exposure to kerosene fuel has raised questions about the 
magnitude of the effect of HAP on under-five mortality or respiratory illness when kerosene 
has been categorized as a clean fuel (Choi et al., 2015, Epstein et al., 2013, Lam et al., 2012). 
Therefore, kerosene was categorised in the polluting fuels group in this study. A major 
portion of households in Bangladesh (around 80%), India (around 55%), Nepal (around 75%) 
and Pakistan (around 60%) use wood/animal dung/crop residues for cooking and a small 
portion of households in Bangladesh (around 2%), India (around 5%), Nepal (around 4%) 
and Pakistan (around 3%) use charcoal/coal/kerosene for cooking according to the recent 
DHS datasets used for analysis in these four countries (International Institute for Population 
Sciences - IIPS/India and Macro International, 2007, Ministry of Health Population - 
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MOHP/Nepal et al., 2012, National Institute of Population ResearchTraining - 
NIPORT/Bangladesh et al., 2016, National Institute of Population Studies - NIPS/Pakistan 
and ICF International, 2013). This study aggregated broad classification for type of cooking 
fuel to ensure consistent comparison across countries, and also because dis-aggregation of the 
HAP variable into the sub-groups resulted in small numbers of cases of under-five mortality, 
and insufficient numbers in some fuel types, for meaningful analysis in multivariate models.     
 
Potential confounders 
For investigating the association between HAP from cooking fuel and under-five mortality, a 
number of potential confounding factors were defined for each study country comprising 
place of residence, wealth index of household, maternal age, maternal education, maternal 
working status, breastfeeding status of mother, sex of child, location of kitchen, type of house 
and wall and floor material of household. These socio-economic, individual and behavioural 
factors have previously been identified as potential confounders for the association between 
HAP from cooking fuel and under-five mortality in developing countries (Bassani et al., 
2010, Epstein et al., 2013, Ezeh et al., 2014, Kashima et al., 2010, Kleimola et al., 2015, 
Pandey and Lin, 2013, Rehfuess et al., 2009, Rinne et al., 2007, Tielsch et al., 2009, 
Wichmann and Voyi, 2006). In the analysis, the household wealth index was calculated using 
principal components analysis to create a country-specific variable that placed households 
into quintiles based on household assets such as ownership of transport and durable goods, 
materials for housing construction and facilities in the household (Filmer and Pritchett, 2001, 
Rustin and Johnson, 2004, Rutstein and Staveteig, 2014). The inclusion of these confounding 
factors varied slightly for each country on the basis of availability of information in DHS 
datasets. 
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Statistical Analysis 
Incidence proportions of neonatal and under-five mortality were calculated by following the 
similar method provided in the guideline of the DHS program (Rutstein and Rojas, 2006). 
Prevalence estimates and 95% of confidence intervals (CI) were calculated to adjust for the 
cluster sampling survey design by using the “svy” command. For estimates of relative risk 
between exposure groups, random effects multilevel logistic regression models were 
conducted using the “xtlogit” function adjusted for potential confounders identified for each 
country. Summary relative risk estimates for the four South Asian countries were calculated 
using random effects meta-analysis following the inverse variance method (DerSimonian-
Laird) by using the “metan” function. Analyses were carried out in STATA version 13.1 
(Stata Corp: College Station, TX, USA). In addition, summary prevalence estimates for the 
four South Asian countries were calculated using random effects meta-analysis using the 
MetaXL (Barendregt and Doi, 2009). 
 
The population attributable fraction (PAF) was used to measure the proportion of neonatal 
and under-five mortality in South Asia that could theoretically be prevented by eliminating 
HAP from the use of cooking fuels in households, assuming the other risk factors remain 
unchanged. The PAF was calculated by using the following formula (Murray et al., 2003, 
Wilson et al., 2013), 
PAF ൌ ∑݌ሺRR െ 1ሻሺ1 ൅ ∑݌ሺRR െ 1ሻሻ 
Where p is the prevalence of exposure from use of cooking fuel and RR is the adjusted 
relative risk estimated from DHS datasets for Bangladesh, India, Nepal and Pakistan. A joint 
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PAF across four South Asian countries was also calculated by using the following formula 
(Miettinen, 1974, Wilson et al., 2013), 
PAF	ሺCombinedሻ ൌ 1 െෑሺ1 െ PAF௥ሻ
ோ
௥ୀଵ
 
 
Where r denotes each individual risk factor. PAF assumes that risk factors are independent 
and uncorrelated and has been reduced by the use of relative risks that has been adjusted for 
potential confounders.  
 
However, PAF provides estimates based on the unrealistic counterfactual scenario of the 
elimination of an exposure from a given population (that is, a reduction of the population 
prevalence to zero) (Rockhill et al., 1998). This estimate assumes that 100% of the exposed 
population could switch to clean fuels from polluting fuels. Population impact fractions (PIF) 
estimate potential improvements in mortality and burden of the disease under theoretical 
counterfactual scenarios that could reasonably be achieved in a population (Gunning-
Schepers, 1988, Mitsakakis et al., 2013).  This study also considered PIF estimates for 
comparison with PAF estimates to measure the theoretical minimum prevalence for exposure 
in each study country by applying the evidence-base of the potential impact on reductions in 
HAP from previous interventions (Singh et al., 2012). The PIF was calculated by using the 
following formula (Barendregt and Veerman, 2010), 
Potential	Impact	Fraction	ሺPIFሻ ൌ ∑ ݌௖ܴܴ௖ െ ∑ ݌௖		
∗ ܴܴ஼௡௖ୀଵ௡௖ୀଵ
∑ ݌௖௡௖ୀଵ ܴܴ௖  
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Where pc is the proportion of the neonatal and under-five children in a given exposure 
category c, RRc is the adjusted relative risk for that category estimated from the DHS datasets 
and pc* is the estimated proportion in category c after the intervention. In the analysis for this 
present study, the estimated effect of interventions was based on previously published 
intervention studies in South Asia (Nasir et al., 2013, Singh et al., 2012). The first scenario 
assumed a 22% reduction in HAP based on the effect size of a community-based intervention 
study in Pakistan that relocated the kitchen from indoors to outdoors (Nasir et al., 2013). A 
second scenario assumed a 63% reduction in HAP based on the effect size of a community-
based study in Nepal that involved improvements in cooking stoves by installing ventilated 
chimneys (Singh et al., 2012). Estimated exposure prevalence both before and after 
interventions for each country are presented in Table 20.    
 
Monte-Carlo simulation models were used to estimate the 95% confidence intervals (CI) for 
PAF and PIF estimates, to account for the uncertainty around the exposure prevalence and 
relative risk estimates using the Ersatz Software1.31 in MS Excel (Barendregt, 2009). A beta 
probability distribution was used to estimate exposure prevalence (based on cases and 
controls) using the ErBeta function and a normal distribution was used to estimate relative 
risk (based on a normal distribution for the natural logarithm of the RR) using the ErRelative 
function to calculate 95% CI for PAF and PIF estimates after 10,000 iterations to ensure 
convergence of the model.  The PAF and PIF estimates were then multiplied by the estimated 
total number of mortality cases to obtain the estimated number of neonatal and under-five 
mortality cases attributable to each study country.  
 
Ethics  
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The Demography and Health Survey (DHS) project sought and obtained the required ethical 
approvals from ethics committees in Bangladesh, India, Nepal and Pakistan before the 
surveys were conducted. Informed consent was obtained from study participants before their 
participation in the surveys. Publicly available, de-identified datasets were used in this study 
following approval from The DHS Program to download and use the data. 
 
Results 
The overall pooled relative risk estimates in the four South Asian countries suggested a 
significant association between use of cooking fuel and under-five mortality (OR=1.30, 
95%CI=1.07-1.57, P=0.007) and neonatal mortality (OR=1.32, 95%CI=1.05-1.67, P=0.019) 
(Table 20). Of the 13,290 estimated cases of under-five mortality in the four South Asian 
countries, 3.9% (95%CI: -20.8-24.9%) from Bangladesh (1,211 cases), 19.8% (95%CI: 12.9-
26.3%) from India (11,311 cases), 49.8% (95%CI: 23.5-69.5%) from Nepal (1,014 cases) and 
11.4% (95%CI: -6.9-29.0%) from Pakistan (768 cases) were attributable to HAP from 
cooking fuel (Table 21). The total joint PAF associated with HAP for the four South Asian 
countries was 18.0% (95%CI: 6.5-29.0%) for all cases of under-five mortality and 18.5% 
(95%CI: 4.5-31.2%) for all cases of neonatal mortality (Table 21).  
 
Potential impact fraction estimates in the four South Asian countries assuming a 22% 
reduction on HAP (Nasir et al., 2013) found that HAP from cooking fuel was associated with 
2.1% (95%CI: -3.6-6.9%) of under-five mortality in Bangladesh, 4.3% (95%CI: 2.8-5.8%) in 
India, 10.9% (95%CI: 4.7-15.4%) in Nepal and 1.3% (95%CI: -2.9-5.2%) in Pakistan (Table 
21). In comparison, impact fractions assuming a larger effect size of a 63% reduction on HAP 
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(Singh et al., 2012) found that HAP from cooking fuel was associated with 6.0% (95%CI: -
9.6-19.5%) of under-five mortality for Bangladesh, 12.5% (95%CI: 8.3-16.6%) for India,  
27.6% (95%CI: 8.6-41.6%) for Nepal, and 3.7% (95%CI: -7.0-13.8%) for Pakistan (Table 
21). 
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Table 20: Relative risk, exposure prevalence for PAF, PIF and cases of neonatal and under-five mortality due to HAP from cooking fuel 
in the four South Asian countries 
  Country Exposure a 
Exposure (%) in 
cases (n/Total 
cases) b 
Exposure (%) 
in controls 
(n/Total 
controls) c 
Relative risk 
(95%CI) d 
Exposure 
Prevalence 
(95%CI) e 
Estimated Prevalence  
(scenario 1) (95%CI) f 
Estimated Prevalence 
(scenario 2) (95%CI) g 
Neonatal 
mortality Bangladesh 
No HAP from 
cooking fuel  63/772 2773/25304 1.00 11.0 (10.6-11.4) 30.6 (30.0-31.1) 67.1 (66.5-67.6) 
HAP from 
cooking fuel  709/772 22531/25304 1.29 (0.94-1.78) 89.0 (88.7-89.4) 69.5 (68.9-70.0) 33.0 (32.4-33.5) 
India 
No HAP from 
cooking fuel 565/6082 26783/160300 1.00 16.7 (16.5-16.9) 35.0 (34.8-35.3) 69.2 (69.0-69.4) 
HAP from 
cooking fuel 5517/6082 133517/160300 1.23 (1.09-1.39) 83.3 (83.1-83.5) 65.0 (64.7-65.2) 30.8 (30.6-31.0) 
Nepal 
No HAP from 
cooking fuel 15/572 1303/17208 1.00 7.6 (7.2-8.0) 27.9 (27.2-28.6) 65.8 (65.1-66.5) 
HAP from 
cooking fuel 557/572 15905/17208 2.67 (1.47-4.82) 92.4 (92.0-92.8) 71.1 (71.4-72.8) 34.2 (33.5-43.9) 
Pakistan 
No HAP from 
cooking fuel 136/503 3909/11004 1.00 35.5 (34.6-36.4) 49.7 (48.8-50.7) 76.1 (75.3-76.9) 
HAP from 
cooking fuel 367/503 7095/11004 1.08 (0.77-1.54) 64.5 (63.6-65.4) 50.3 (49.4-51.2) 23.9 (23.1-24.7) 
Total*  7929 213816 1.32 (1.05-1.67) 83.8 (75.2-90.9) 
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Under-five 
mortality Bangladesh 
No HAP from 
cooking fuel 107/1211 2729/24865 1.00 11.0 (10.6-11.4) 30.6 (30.0-31.1) 67.1 (66.5-67.7) 
HAP from 
cooking fuel 1104/1211 22136/24865 1.06 (0.82-1.37) 89.0 (88.6-89.4) 69.4 (68.9-70.0) 32.9 (32.4-33.5) 
India 
No HAP from 
cooking fuel 850/11311 26498/155071 1.00 17.1 (16.9-17.3) 35.3 (35.1-35.6) 69.3 (69.1-69.6) 
HAP from 
cooking fuel 10461/11311 128573/155071 1.30 (1.18-1.43) 82.9 (82.7-83.1) 64.7 (64.4-64.9) 30.7 (30.5-30.9) 
Nepal 
No HAP from 
cooking fuel 25/1014 1293/16766 1.00 7.7 (7.3-8.1) 28.0 (27.3-28.7) 65.9 (65.1-66.6) 
HAP from 
cooking fuel 989/1014 15473/16766 2.19 (1.37-3.51) 92.3 (91.9-92.7) 72.0 (71.3-72.7) 34.2 (33.4-34.9) 
Pakistan 
No HAP from 
cooking fuel 197/768 3848/10739 1.00 35.8 (34.9-36.8) 50.0 (49.0-50.9) 76.3 (75.4-77.1) 
HAP from 
cooking fuel 571/768 6891/10739 1.22 (0.92-1.64) 64.2 (63.3-65.1) 50.1 (49.1-51.0) 23.7 (22.9-24.6) 
  Total*    13290 207441 1.30 (1.07-1.57) 83.6 (74.9-90.8)     
Note: a Exposure were categorised as, “no HAP from cooking fuel” (use of clean fuels such as electricity, LPG, natural gas, biogas) and “HAP from cooking 
fuel” (use of polluting fuels such as kerosene, coal/lignite, charcoal, wood, straw/shrubs/grass, agricultural crop and animal dung), b number of ‘cases’ 
exposed/unexposed in each category, c number of ‘controls’ exposed/unexposed in each category, d Relative risk adjusted for selected potential confounders, 
PAF: Population attributable fraction, PIF: Potential impact fraction, e exposure prevalence for PAF calculation, f exposure prevalence for PIF calculation  
based on scenario1: assuming 22% reduction on HAP following previous intervention (Nasir et al., 2013), g exposure prevalence for PIF calculation based on 
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scenario2: assuming 63% reduction on HAP following previous community-based intervention (Singh et al., 2012). * Total number of cases and controls 
were summed across country-specific DHS data sets, and Relative Risk and exposure prevalence were summarised across countries using random effects 
meta-analysis using the inverse variance method (DerSimonian-Laird).  
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Table 21: PAF and PIF estimates for neonatal and under-five mortality associated with HAP from cooking fuel in the four South Asian 
countries 
  Country Cases a PAF% (95%CI) b 
PIF% (95%CI) (scenario 1 
(Nasir et al., 2013)) c 
PIF% (95%CI) (scenario 2 
(Singh et al., 2012)) d  
Neonatal mortality Bangladesh 772 18.5 (-8.1-40.2) 4.1 (-1.7-8.9) 11.6 (-4.9-25.5) 
India 6082 15.8 (6.8-24.2) 3.5 (1.4-5.9) 10.0 (4.3-15.4) 
Nepal 572 56.8 (25.7-77.7) 12.5 (5.4-17.1) 32.3 (10.3-47.0) 
Pakistan 503 3.5 (-19.2-25.0) 0.8 (-4.6-5.9) 2.3 (-12.5-15.7) 
Joint PAF/PIF - 18.5 (4.5-31.2) 19.6 (10.4-27.2) 47.4 (25.3-63.1) 
Under-five mortality Bangladesh 1211 3.9 (-20.8-24.9) 2.1 (-3.6-6.9) 6.0 (-9.6-19.5) 
India 11311 19.8 (12.9-26.3) 4.3 (2.8-5.8) 12.5 (8.3-16.6) 
Nepal 1014 49.8 (23.5-69.5) 10.9 (4.7-15.4) 27.6 (8.6-41.6) 
Pakistan 768 11.4 (-6.9-29.0) 1.3 (-2.9-5.2) 3.7 (-7.0-13.8) 
Joint PAF/PIF - 18.0 (6.5-29.0) 17.6 (9.6-24.6) 42.7 (22.8-57.6) 
Note: a Total number of neonatal and under-five mortality cases associated with use of cooking fuel, b Population attributable faction (PAF) estimates 
attributable to HAP, c Potential impact faction (PIF) estimates based on 22% reduction on HAP, d Potential impact faction (PIF) estimates based on 63% 
reduction on HAP. 
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Discussion 
This study estimated the attributable burden of under-five mortality associated with the use of 
cooking fuel in the four South Asian countries. The summary association for the four South 
Asian countries found that the risk of under-five mortality was approximately 30% higher in 
the polluting fuel group compared to clean fuel group. Findings suggested that more than 
18% of cases of under-five mortality were attributable to cooking fuel. However, estimates of 
attributable burden based on theoretical minimum prevalence of HAP exposure suggested 
that between 18% and 43% of under-five mortality cases were avoidable assuming that the 
effects of previous intervention studies that re-locate kitchens and improve ventilation of 
cooking stoves (Nasir et al., 2013, Singh et al., 2012) could be scaled to South Asian 
populations.  
 
Studies from South Asia (Epstein et al., 2013, Naz et al., 2015, Naz et al., 2016, Naz et al., 
2017b, Naz et al., 2017a, Pandey and Lin, 2013, Tielsch et al., 2009) have consistently 
acknowledged the risk of under-five mortality from use of cooking fuel. This study estimated 
the proportion of under-five mortality in Bangladesh, India, Nepal and Pakistan that could, in 
combination, be attributable from exposure to use of polluting fuels for cooking. This study 
found that Nepalese children were in higher risk of neonatal and under-five mortality than in 
India, Bangladesh and Pakistan. A recent DHS report from Nepal indicated that more than 
70% of the houses in rural areas were constructed using wood and mud with poor ventilation, 
and use of solid fuels (approximately 82%) for cooking in the house was very common in 
rural residence as 71% of Nepalese households did not have any separate kitchen (Ministry of 
Health Population - MOHP/Nepal et al., 2012). Similarly, an average of 80% of rural 
households in Bangladesh, India and Pakistan still rely on solid fuels for cooking (Bonjour et 
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al., 2013). In addition, more than 90% of Pakistani households, 30% of Indian and 15% of 
Bangladeshi households did not have any separate kitchen in the house for cooking according 
to recent DHS datasets (International Institute for Population Sciences - IIPS/India and Macro 
International, 2007, Ministry of Health Population - MOHP/Nepal et al., 2012, National 
Institute of Population ResearchTraining - NIPORT/Bangladesh et al., 2016, National 
Institute of Population Studies - NIPS/Pakistan and ICF International, 2013). This study also 
showed the risk of deaths was slightly higher in the neonatal period than in older children in 
the four South Asian countries. This is biologically plausible as children’s metabolic 
pathways, specifically in the first month after birth is unformed and less able to deal with 
toxic chemicals from polluting fuels; hence young children are more vulnerable to these 
pollutants (Jenny Pronczuk-Garbino and WHO, 2005). However, we found the stronger effect 
in under-five mortality than neonatal mortality associated with the use of cooking fuel for our 
study countries of India and Pakistan, which may indicate the possibility of cumulative 
effects over the early years of childhood in these contexts.   
 
The findings from the present study suggest that switching entirely to cleaner fuels (such as 
electricity, liquid petroleum gas (LPG), natural gas and biogas) from polluting fuels could 
reduce more than 18% of cases of under-five mortality. However, in practice, not all poor 
rural and urban communities could feasibly eliminate their use of solid fuels (Joshi, 2006, 
Mishra et al., 2005, Nasir et al., 2013, Nasir et al., 2015, Naz et al., 2015, Naz et al., 2016). 
Moreover, access to clean alternatives is limited due to availability and affordability, and thus 
solid fuels remain the most practical fuel in poor families of South Asian countries (Joshi, 
2006, Mishra et al., 2005, Nasir et al., 2013, Nasir et al., 2015, Naz et al., 2015, Naz et al., 
2016). To provide increased access to clean fuels in neglected communities, a long term 
strategy and government investment programs are required; thus, shorter term, more efficient, 
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cost-effective, and sustainable policies need to be promoted in South Asia. Studies from 
developing countries (Naz et al., 2015, Naz et al., 2016, Naz et al., 2017b, Naz et al., 2017a, 
Rehfuess et al., 2009) have shown a higher risk of under-five mortality in those households 
using solid fuels in inside kitchens than in houses with separate kitchens. A community-based 
intervention study in Pakistan suggested that improved design of the cooking space or 
relocating the kitchen outside instead of inside the house could reduce particulate matter 
(PM) concentrations by 22% (Nasir et al., 2013). Assuming this 22% of reduction to calculate 
PIFs, this study suggested approximately 2%, 4%, 11% and 1% of cases of under-five 
mortality in Bangladesh, India, Nepal and Pakistan respectively, could be avoided.   
Another sustainable alternative of this problem is to use improved cooking stoves with 
chimney installation (typically made of clay and husk) proposed in previous intervention 
reports and studies (Dasgupta et al., 2006, Jan, 2012, Khushk et al., 2005, Singh et al., 2012). 
Improved cooking stoves when used properly have been found to be energy efficient as well 
as beneficial for health as they reduce emissions of particulate matter (PM) (The World Bank, 
2011), and the United Nation Foundation’s Global Alliance for clean cooking stoves 
announced the goal to make 100 million homes to adopt clean stoves by 2020 (Martin II et 
al., 2013). The recent RESPIRE trial on Guatemala suggested that improved cooking stoves 
might reduce exposure to HAP by 50% (Smith et al., 2011). Similarly, an intervention study 
from Nepal also found that a 63% of reduction on PM concentrations could be achieved by 
using improved cook stoves (Singh et al., 2012). Under scenarios which applying these 
reductions in exposure to HAP in the present study, approximately 6%, 13%, 28% and 4% of 
all cases of under-five mortality associated with the use of cooking fuel could be avoided in 
Bangladesh, India, Nepal, and Pakistan respectively.  
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Women’s empowerment is another important factor for decreasing under-five mortality, as 
women are responsible for cooking in most of the South Asian countries (Jan, 2012, Martin II 
et al., 2013, Munroe and Gauvain, 2012, Nasir et al., 2015, Rehfuess et al., 2011). Women 
and their young children are the main household members who frequently are exposed to 
cooking smoke as they spend long hours on cooking and disproportionately be affected on 
related health outcomes (Munroe and Gauvain, 2012, Rehfuess et al., 2011). Educating 
women about the health risk of using polluting fuels and benefits of cooking in a separate 
kitchen with improved stoves and the need to keep children away from the cooking area 
could reduce the risk of deaths of young children.           
 
This present study has a number of limitations and strengths. Firstly, categorising study 
participants into exposed and non-exposed to cooking fuel may lead to misclassification bias, 
for example, some households use a combination of clean and polluting fuels even where 
clean fuels are available to cut down their fuel expenditure using solid fuels which are cheap 
and affordable option in South Asian context (Balakrishnan et al., 2011, Devakumar et al., 
2014, Gurley et al., 2013b, Nasir et al., 2015). However, DHS program is only collected 
information on the use of primary fuel in the household. Moreover, even within the same type 
of cooking fuel (for example, wood is the most common type of solid fuel used for cooking in 
these four countries (International Institute for Population Sciences - IIPS/India and Macro 
International, 2007, Ministry of Health Population - MOHP/Nepal et al., 2012, National 
Institute of Population ResearchTraining - NIPORT/Bangladesh et al., 2016, National 
Institute of Population Studies - NIPS/Pakistan and ICF International, 2013)), the HAP 
concentrations and exposures level might vary largely due to different household settings and 
personal behaviour across countries. As, very few households (only 15%) in Bangladesh did 
not have any separate kitchen for cooking where in Pakistan more than 90% and in Nepal 
204 
 
more than 70% of households did not have any separate kitchen for cooking (Ministry of 
Health Population - MOHP/Nepal et al., 2012, National Institute of Population 
ResearchTraining - NIPORT/Bangladesh et al., 2016, National Institute of Population Studies 
- NIPS/Pakistan and ICF International, 2013). Previous studies found that use of polluting 
fuels for cooking in indoor without a separate kitchen increased the risk of under-five 
mortality (Naz et al., 2015, Naz et al., 2016, Naz et al., 2017b, Naz et al., 2017a, Rehfuess et 
al., 2009). Secondly, birth and death information on children were self-reported by 
respondents that may be a source of recall bias, however, this study restricted their analysis to 
those children born within five years preceding the survey to reduce the likelihood of this 
bias. Thirdly, this study considered all-cause mortality for this analysis in the absence of 
information on cause-specific deaths in the DHS surveys, and is likely to be a source of 
ascertainment bias in mortality outcomes. Lastly, these studies used a series of cross-sectional 
datasets for analysis; and as such, clear temporal associations between exposure (use of 
cooking fuel) and outcome (under-five mortality) cannot be clearly defined when collected at 
the same point of time. Actual levels and patterns of exposure to emission from cooking 
smoke were not measured in this study due to the absence of such objective measures in DHS 
survey. 
 
Despite these methodological limitations, this study incorporated large, nationally 
representative datasets from Bangladesh, India, Nepal and Pakistan with a very high response 
rate (approximately 90%) from participants. A number of international studies from many 
countries including GBD study (Forouzanfar et al., 2015, Lim et al., 2012, Lopez et al., 2006, 
Möller et al., 2012, Sprague et al., 2008, Wilson et al., 2013) used similar methods to assess 
attributable burden to identify the level of preventable disease and to implement potential 
health research. However, this is the first study that has assessed the attributable or avoidable 
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burden of under-five mortality cases associated with HAP from cooking fuel based on the 
potential impact of previous community-based interventions. Despite the fact that under-five 
mortality in South Asia has dropped over the past decades, more than 80% of rural and semi-
urban households still rely on solid fuels for cooking (Engelgau, 2011, WHO, 2014a), 
therefore HAP remains a common and modifiable exposure in the population and a key 
public health priority for Bangladesh, India, Nepal and Pakistan. Findings suggested that 
more than 65% of cases of under-five mortality were attributable to HAP by switching 
entirely to clean fuels. In addition, this study also investigated the scenarios of the potential 
impact of previous interventions (such as separate kitchen, improved cooking stoves) to 
prevent the burden of under-five mortality associated with the use of polluting fuels that will 
be more appropriate approach and helpful for health care policy makers to implement 
preventive strategies in the four South Asian countries.   
 
Conclusions 
The burden of under-five mortality associated with HAP in South Asia remains a significant 
and preventable public health problem. The wider implementation of programs targeting the 
modifiable exposure of cooking fuel, through improvements in house design, behavioural 
intervention, health system policies and continued economic development particularly rural 
and low-income urban communities has the potential to substantially reduce child mortality 
burden in South Asia. 
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Chapter Ten 
Discussion 
In this chapter, an overview of the rationale of this thesis and an outline of key findings for 
South Asia are presented. The chapter also presents a methodological critique of this thesis 
and a summary of policy implications and recommendations of this public health problem in 
South Asia. Finally, an overview of future research directions from this current study is also 
highlighted in this last chapter.  
 
Synopsis of rationale and importance of this thesis 
HAP is a serious environmental health problem in the developing countries of South Asia 
such as Bangladesh, India, Pakistan and Nepal which has received comparatively little 
attention in contrast to other public health issues (for example, unsafe water and sanitation) in 
this region. The most significant source of HAP in South Asia is smoke from polluting fuels, 
particularly from solid fuels used for cooking and heating on an open fire, or poor functioning 
stove with inadequate facility for smoke ventilation from the indoor environment. HAP is 
strongly associated with poverty, as poorer populations in the South Asian region 
predominantly rely on polluting fuels and have limited access to cleaner energy. Moreover, 
women and young children from poor families in countries in this region are substantially 
exposed to indoor smoke, as women are primarily responsible for cooking as well as for 
taking care of their children. Children under-five years of age are likely to be the most 
vulnerable group at risk from HAP related health consequences. Globally, a number of 
population based studies have reported a positive association between HAP and child health. 
Most of these studies reported on HAP related morbidity outcomes (such as respiratory 
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infections, low birth weight etc.). Few studies in the world report on impacts of HAP on 
childhood mortality.   
 
In South Asia, under-five mortality is still very high and the majority of the population living 
in rural and low-income urban areas live in poor conditions where the use of solid fuels is 
often the only available option for domestic energy. Like unsafe water and sanitation, HAP 
needs to be considered an important public health hazard associated with child death in South 
Asia. Therefore, extensive research in this region needs to be conducted to examine the 
impact of HAP on under-five mortality to inform effective and sustainable interventions to 
address this problem. The key focus of this present thesis was to extend the knowledge of 
HAP and under-five mortality in Bangladesh, India, Pakistan and Nepal by investigating 
trends, determinants, and avoidable burden of under-five mortality associated with HAP from 
the use of cooking fuel in these countries, a region that has not been considered extensively in 
earlier periods. No studies in Bangladesh, Pakistan and Nepal have examined the association 
between HAP from cooking fuel and under-five mortality. Only a few studies (Bassani et al., 
2010, Epstein et al., 2013, Pandey and Lin, 2013, Tielsch et al., 2009) in India have examined 
the association between HAP and child mortality with other health outcomes (such as low 
birth weight, respiratory infections). Past studies have also been limited to hospital based data 
or specific regional populations or were not exclusively based on HAP from cooking fuel, 
and therefore, may not be generalized to national population or represent the best evidence to 
lead strategy responses and recommendations for future research. No studies in this region 
estimated the burden of under-five mortality that could be preventable by reducing exposure 
prevalence to inform policies and interventions.  
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This thesis for the first time investigates the association between HAP from cooking fuel and 
under-five mortality using nationally representative DHS datasets of Bangladesh, India, 
Pakistan and Nepal over time and assesses how these observed associations were affected by 
key environmental and behavioural factors over time. This thesis also assesses for the first 
time the burden of under-five mortality in these four countries that potentially could be 
avoidable by reducing exposure prevalence from HAP, by examining theoretical scenarios 
based on the impact of previous intervention studies in the South Asian context to guide more 
effective and sustainable national health policies and interventions. 
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Synopsis of key findings from this thesis 
Four specific research objectives were addressed in four study countries of this thesis. The 
first three objectives were addressed in the country-specific studies and the last objective was 
to investigate the overall effect of HAP on under-five mortality in the four South Asian 
countries. 
 
Key findings from objective 1 
The first objective was to establish the strength of the association between HAP from cooking 
fuel and under-five mortality in Bangladesh, India, Pakistan and Nepal using nationally 
representative DHS datasets. Country-specific and overall outcomes from this objective are 
provided below: 
 
Bangladesh 
In this study, for the first time, BDHS datasets for the year 2004, 2007 and 2011 were pooled 
to identify the overall association between HAP from cooking fuels and neonatal, infant and 
under-five mortality in Bangladesh. The study found that HAP from cooking fuel was not 
strongly associated with neonatal, infant or under-five mortality. However, the association 
was higher in neonatal mortality (OR=1.49, 95%CI=1.01-2.22, P=0.043), followed by infant 
(OR=1.27, 95%CI=0.91-1.77, P=0.157) and under-five mortality (OR=1.14, 95%CI=0.83-
1.55, P=0.422) in the national population of Bangladesh. 
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India 
This national study examined the association between HAP from cooking fuel and neonatal, 
post-neonatal, child and under-five mortality by pooling across NFHS datasets over the 
period 1992-2006. The study found a significant association between HAP from cooking fuel 
and mortality in all age-groups of children under-five in India. The association was higher in 
the post-neonatal group (OR=1.42, 95%CI=1.19-1.71, P<0.001) and children aged between 
12-59 months (OR=1.42, 95%CI=1.05-1.91, P=0.021), compared to neonatal and under-five 
mortality. 
 
Pakistan 
This Pakistani study investigated for the first time the association between HAP from 
cooking fuel and neonatal, post-neonatal, child and under-five mortality but was limited to a 
single survey in 2013. Use of cooking fuel in the household was weakly associated with total 
under-five mortality followed by post-neonatal and neonatal mortality, with a stronger 
association evident for sub-group analyses of children aged 12-59 months (OR=1.98, 
95%CI=0.75-5.25, P=0.169) in Pakistan. 
 
Nepal 
NDHS datasets for the years 2001, 2006 and 2011 were pooled for the first time in Nepal to 
investigate the association between HAP from cooking fuel and neonatal, post-neonatal, child 
and under-five mortality. Mortality in the neonatal period (the first month of life) was 
strongly associated with use of cooking fuel in the household followed by post-neonatal (1-11 
months) and child (12-59 months) mortality. Moreover, there was strong evidence of 
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association between HAP from cooking fuel and total under-five mortality (OR=2.19, 
95%CI=1.37-3.51, P=0.001) in Nepal. 
 
Combined analyses for South Asia 
The summary relative risk estimates from the meta-analysis for Bangladesh, India, Pakistan 
and Nepal suggested that the association between HAP from cooking fuel and under-five 
mortality was higher in the neonatal period (OR=1.32, 95%CI=1.05-1.67, P=0.019) 
compared to older children. The summary association for South Asia found that the risk of 
under-five mortality was approximately 30% higher in the polluting fuel group compared to 
clean fuel group. 
 
 
Key findings from objective 2 
The second objective was to investigate trends in HAP from cooking fuel and its association 
with under-five mortality over time in Bangladesh, India, Pakistan and Nepal. 
 
This thesis identified an overall decreasing mortality trend over time in each of the age-group 
considered among children under-five and decreased among both those exposed to HAP and 
those unexposed to HAP in Bangladesh, India and Nepal. Data on the exposure variable were 
not available overtime for Pakistan, and trend analyses were not conducted. No previous 
studies in the South Asian region investigated this under-five mortality trends over time and 
extent to which this differed by HAP exposure status associated with HAP from cooking fuel.  
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Key findings from objective 3 
The third objective was to identify the role of key environmental and behavioral factors that 
might affect the level of exposure to HAP from the use of cooking fuel associated with under-
five mortality in Bangladesh, India, Pakistan and Nepal. 
 
Similar findings were evident from across the four South Asian countries for analyses 
considering the role of breastfeeding status and kitchen location as factor that affect the level 
of exposure to HAP from cooking fuel. Stratified analyses investigating the association of use 
of cooking fuel on under-five mortality for Bangladesh, India, Pakistan and Nepal, conducted 
in this thesis found stronger associations for households without a separate kitchen using 
polluting fuels for cooking (compared to households with a separate kitchen who used clean 
fuels for cooking) and among children whose mother never breastfed (compared to 
breastfeeding mother who used clean fuels for cooking).  
 
Stratified analyses combining place of residence (urban or rural) and use of cooking fuel were 
not conducted for India and Pakistan due to inadequate data on two different levels of the 
variable “place of residence”. However, findings from Bangladesh showed that the 
association between HAP from cooking fuel and under-five mortality was slightly higher in 
urban households who used polluting fuels for cooking compared to rural households. In 
contrast, in Nepal the association between HAP from cooking fuel and under-five mortality 
was stronger in rural compared to urban areas. This thesis for the first time investigated the 
role of these important study factors associated with use of cooking fuel and under-five 
mortality in South Asia. 
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Key findings from objective 4 
The fourth objective was to assess the attributable risk and avoidable burden of under-five 
mortality associated with HAP from cooking fuel, and to examine theoretical scenarios 
assessing the potential impact of previous interventions to reduce HAP exposure in the future. 
 
Findings from this thesis suggested that more than 18% of cases of under-five mortality were 
theoretically avoidable from the use of cooking fuel if countries could completely eliminate 
HAP exposure from cooking fuel. However, the total elimination of exposure from a given 
population is not possible in reality and this unrealistic counterfactual assumption is a 
limitation of the attributable fraction measure used for this analysis. Therefore, final 
outcomes for estimates of attributable burden were based on the theoretical minimum 
prevalence of HAP exposure. Assuming a theoretical minimum prevalence based on previous 
intervention studies, findings suggested that 18% to 43% of under-five mortality cases were 
avoidable assuming that the effects of the interventions (the re-locate of kitchens and 
improvements in ventilation of cooking stoves) could be scaled to Bangladesh, India, 
Pakistan and Nepal. 
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Methodological critiques of this thesis 
There are a number of methodological strengths and limitations to be taken into account 
when interpreting findings from this thesis. Methodological critique of study design, sources 
of bias in exposure and outcomes and confounding are described in detail in this section of 
the thesis.    
 
 
Strengths and limitations of study design  
The association between HAP from cooking fuel and under-five mortality in Bangladesh, 
India, Pakistan and Nepal has been investigated in this thesis. This type of epidemiological 
study is observational and analytic, and involves the investigator measuring the association 
between exposure and outcome as they naturally occur without intervening in any way 
(Webb et al., 2016). Three types of analytic study designs are commonly used for individual 
level observational studies and include cross-sectional, case-control and cohort studies for 
comparing exposure and outcome relationship in a population.  
 
Cohort study 
Cohort studies, ideally conducted prospectively involve a large group of healthy people 
followed over a long period of time to compare the rate of disease in one group of people 
exposed to a factor with another group that is not exposed during the period of follow-up 
(Rothman, 2002, Webb et al., 2016). The aim is to identify associations between possible risk 
factors and the outcome of interest (Rothman, 2002). A key strength of this design is the 
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ability to more easily determine the temporal relationship between exposure and outcome. It 
provides the best information regarding the putative causes of disease and the most direct 
measurements of the risk of developing the disease (Bonita et al., 2006, Webb et al., 2016). 
Participants are free of the outcome of interest at the beginning of the follow-up, and 
therefore it is easier to examine whether the exposure ‘causes’ the outcome (Webb et al., 
2016). (Figure 19) 
 
Defined 
population
Exposed
Not exposed
Disease
No disease
Disease
No disease
Time
Direction of enquiry (about disease)
Behaviour or 
circumtance 
 
Figure 19: The design of a cohort study [source: (Webb et al., 2016)] 
 
Longer term cohort studies have the potential to deliver the best public health knowledge by 
investigating a range of outcomes associated with a given exposure (Webb et al., 2016). 
However, cohort studies require a very long follow-up period since disease may occur after a 
long time after exposure (Bonita et al., 2006). As exposure data are collected at baseline, 
people may change their behaviour over the follow-up years (for example, smokers may quit 
smoking) which is one disadvantage of this type of studies (Webb et al., 2016). If the 
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outcome of interest is rare (for example cancers), there may also be problems in obtaining a 
large enough group for study. Selection of participants is one of the major concerns of cohort 
studies as some participants are lost from cohort during follow-up which affects the internal 
validity of findings from the study. Moreover, cohort studies are time-consuming and 
expensive. Nevertheless, a cohort study would be the strongest observational study design for 
this present topic to examine the association between use of cooking fuel and under-five 
mortality over time. However, DHS datasets used in this thesis are cross-sectional in design 
and it is more logistically and financially difficult to establish a large scale cohort studies 
when investigating exposure and outcomes from the large national level population 
(Rothman, 2002).  
 
Case-control study  
An alternative analytic study design to investigate the association between exposure and 
outcome is a case-control study. A case-control study aims to achieve the same goal as a 
cohort study; but is more efficient in terms of sampling and requires considerably less time 
and resources to conduct (Rothman, 2002). In a case-control study, participants are selected 
on the basis of disease status, not exposure. A case-control study begins with the selection of 
cases who have the disease (or outcome of interest) ideally representing all cases in a 
specified population group. The control group is sampled from the entire source population of 
people without the disease (or outcome) of interest (Bonita et al., 2006, Rothman, 2002). 
These two groups are then compared with respect to past exposure history to study incident 
(new) cases. (Figure 20) 
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Defined 
population
Cases (+ disease)
Controls (- disease)
Exposed
Not exposed
Exposed
Not exposed
Time
Direction of enquiry (about past exposure)
 
Figure 20: The design of a case-control study [source: (Webb et al., 2016)] 
 
Case-control studies are optimal for examining rare diseases and can examine multiple 
exposures (Bonita et al., 2006, Webb et al., 2016). However, the most difficult task in the 
design of a case-control study is the selection of the control group, so as to sample the 
exposure prevalence in the whole population from which the cases are generated (Bonita et 
al., 2006, Webb et al., 2016). In instances where controls are selected to represent the 
incidence density of the source population, case-control studies can estimate the relative risk 
of disease but not the incidence rates (Bonita et al., 2006). There is also the potential impact 
of recall bias on observed associations, as exposure is assessed after the development of the 
outcome of interest (Webb et al., 2016). Another key source of bias in case-control study is 
selection bias in recruiting the control group. The studies presented in this thesis used a series 
of cross-sectional datasets to conduct population-based case-control studies where controls 
were the children under-five years of age who were not dead, and given random selection can 
be considered representative of the source population. It is possible to use cross-sectional data 
to construct a case-control study if the study includes cases from source population and uses 
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coexisting information about exposure (Rothman, 2002). However, case-control studies are 
based on prevalent cases rather than new cases (as in the present thesis), will not necessarily 
provide information about the causes of disease (Rothman, 2002). 
 
Cross-sectional study 
Many countries in the world conduct demographic and health surveys on a regular basis to 
measure the prevalence of different health conditions in the population. These surveys from 
countries are sampled in such a way that they are representative of the whole population 
(Webb et al., 2016). The main aim of studies like this is to investigate the prevalence of a 
given exposure or health outcome in a “cross-section” of the population (Webb et al., 2016). 
All information on exposures and outcomes are collected at the same point of time (Figure 
21) (Rothman, 2002).  
 
Defined population
+ exposure (+ disease)
+ exposure (- disease)
- exposure (+ disease)
- exposure (- disease)
Gather data on 
exposure and disease 
(simultaneously)
 
Figure 21: The design of a cross-sectional study [source: (Webb et al., 2016)] 
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This kind of study measures the prevalence of exposure and disease at the same time and 
exposure is correlated with disease frequency (or other health outcome) (Webb et al., 2016). 
Cross-sectional studies are relatively easy to conduct and cost-effective compared to case-
control and cohort studies. These studies are particularly suitable for investigating exposures 
that do not change over time (such as, sex, ethnicity) or which occurred a long time ago 
(Bonita et al., 2006, Webb et al., 2016). This study design is often the first step in examining 
the association between exposure and outcome in a population for any sudden outbreaks of 
disease and data from cross-sectional studies are very useful for evaluating health care needs 
in the population (Bonita et al., 2006). The major disadvantage of cross-sectional studies is 
the inability to clearly identify a temporal relationship exposure and outcome, as they are 
measured at the same time point. Therefore, it is often not possible to determine whether 
exposure preceded or resulted from the outcome, and it does not readily establish causality 
(Webb et al., 2016). Moreover, cross-sectional studies cannot determine the incidence of 
disease (Rothman, 2002).   
 
The present thesis used a series of cross-sectional national demographic and health surveys 
(DHS) conducted in Bangladesh, India, Pakistan and Nepal. DHS recruit a different sample 
of people for each survey who are representative of the whole population for a given time 
period, and can be used to investigate changes in the population prevalence of disease, 
disability or potential risk factors of disease over time. DHS surveys are designed in such a 
way that they are nationally representative of the whole population, and include variables 
allowing studies to examine the association between an exposure and a health outcome in the 
sampled population. The main focus of these surveys are to measure fertility, maternal and 
child health, nutrition and health behaviours as well as mortality at the national level (Corsi et 
al., 2012). The DHS surveys from Bangladesh, India, Pakistan and Nepal included in this 
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present thesis have nationally representative samples with very high response rate (more than 
90%) and the surveys have well-designed questionnaires (as described in Chapter 4). 
Therefore, findings from the thesis would help developing health care needs and services in 
general. It will also assist in understanding the burden of disease associated with HAP and 
implementation of effective interventions and strategies.       
 
 
Sources of bias 
Systematic error or bias can occur in any type of epidemiological study as a consequence of 
faults in study design, the selection of participants or measurement of exposure and/or 
outcome. A study can be biased as a result of an error in the selection of subjects, error in 
measurement of variables, or when confounding factors are not appropriately adjusted or 
measured (Rothman, 2002). Systematic error or bias moves effect estimates away from the 
‘true’ estimate and cannot be avoided by increasing sample size (unlike random sampling 
error) (Bonita et al., 2006). There are many types of bias that arise in epidemiological studies, 
however in general they can be classified into three board categories: (i) selection bias, (ii) 
measurement (or information) bias and (iii) confounding (Rothman, 2002). An assessment of 
bias in outcome and exposure of this thesis is discussed below: 
                                                                                                                                                                               
Selection bias 
Selection bias occurs in the case of inappropriate selection of participants from the study 
population, and can result in systematic differences between the people who are selected and 
who are not selected for a study (Bonita et al., 2006, Webb et al., 2016). The main source of 
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selection bias is associated with those participants who volunteer for the study, participants 
lost to follow-up, low response rate, detection bias in hospital based studies and the healthy 
worker effect in occupational studies (Webb et al., 2016). Once selection bias has occurred 
then it cannot be addressed by increasing the sample size. The best way to avoid selection 
bias is to have clear and appropriate inclusion criteria for study participants (Webb et al., 
2016). Selection bias is a major problem in case-control as well as in cohort studies, when 
cases or controls (or exposed or non-exposed groups) are not representative of the target 
population (Webb et al., 2016). Moreover, it can lead to incorrect associations and a biased 
measure of association in exposure and outcome (such as OR, RR etc.) in analytical studies 
(Webb et al., 2016). 
 
Presence of selection bias in this thesis  
Selection bias is unlikely to affect observed associations in the present study as it arises when 
the study population does not represent the whole target population. This present thesis used 
nationally representative DHS datasets where participants were selected randomly from the 
national population census records of the country, and using standard sampling procedures. 
Details on recruitment process were described in Chapter Four of this thesis. The response 
rate of participants in the DHS surveys was very high in the study countries of this thesis with 
more than a 90% response rate from interviewed women. A lower response rate can increase 
the possibility of selection bias whereas a higher response rate with proper selection of study 
participants is more likely to provide representative estimates of the target population (Webb 
et al., 2016). The association between exposure and outcome in analytical studies like this 
present study can be over or underestimated because of selection bias, however; the observed 
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findings from these nationally representative studies was not likely to be substantially 
affected by selection bias. 
 
Measurement bias 
Measurement bias is also known as observation or information bias. Any error occurring in 
measurement or classification of exposure or outcome (or both) relates to measurement bias 
(Bonita et al., 2006, Webb et al., 2016). There are many sources of measurement bias in 
epidemiological studies, including recall bias, interviewer bias, and observer bias. 
Misclassification of study factors for either exposure or outcome can be differential or non-
differential (Rothman, 2002). Non-differential misclassification (or random) error occurs 
equally in all groups being compared. For example, it occurs equally in case and control 
groups in a case-control study and in exposed and non-exposed groups in a cohort study 
(Webb et al., 2016). The presence of non-differential misclassification decreases effect 
estimates (OR, RR). That is the estimates of the association between exposure and outcome 
more closer to the null value (Webb et al., 2016). Differential misclassification (or 
systematic) error occurs greater in one group than the other study group and the presence of 
this error may change effect estimates in any direction depending on the particular error. The 
consequence of differential misclassification is very hard to predict. (Webb et al., 2016)  
 
Presence of measurement bias in this thesis 
Recall bias may arise in the outcome of the present thesis (also discussed in details in 
Chapters Five-Nine). Our main outcome was under-five mortality which was reported by 
the mother during the interview. The mother was asked, “Is your child alive?” and if they said 
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“not alive” then the mother was again asked, “How old was he/she when died?”  As the birth 
and death information was self-reported by mother, there is a possibility that mothers may 
recall the number inaccurately. However, the analyses of this thesis were restricted to those 
children born within a five-year period from the interview date in order to minimise the 
likelihood of recall bias. A shorter index period (e.g. 1-year period) was considered, and 
potentially would reduce recall bias further, but also reduce the number of cases available for 
analysis. Conversely, an index period of >5 years would increase the number of available 
cases for analysis, but also increase the likelihood of recall bias associated with those cases. 
Interviewer bias is unlikely to affect the observed findings from this thesis as DHS use 
standardised questionnaires, implemented with assistance from The DHS program employing 
trained field research officers.    
 
Misclassification bias may also be evident in the exposure of the present study. The 
respondents were asked during the interview, “What type of fuel does your household mainly 
use for cooking?’ which is the main exposure in this thesis. There may be the presence of 
misclassification in categorising participants into exposed and non-exposed to cooking fuel as 
many households use a combination of polluting fuels (solid fuels) and clean fuels (gas, 
electricity). DHS only collected information on primary fuel use and no information was 
available on secondary fuel usage. In addition, we considered all-cause mortality in this study 
for investigating the association between use of cooking fuel and under-five mortality. 
Information on cause-specific mortality outcomes was not provided in the DHS datasets. 
Including all-cause mortality also included mortality outcomes not associated with HAP from 
cooking fuel, which is likely to be a source of ascertainment bias in the mortality outcome, 
and potential underestimation of the association between use of cooking fuel and the cause-
specific outcomes. Nevertheless, according to the Global burden of disease (GBD) study, 
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acute lower respiratory infection was the leading cause of death in children under five years 
of age in South Asia (Lim et al., 2012)  and HAP from cooking fuel is mostly associated with 
respiratory illness.  
 
 
 
Confounding 
Confounding is another major consideration in any epidemiological study. In epidemiology, 
confounding refers to all or part of an observed effect being due to a common cause of both 
the exposure and outcome (Rothman, 2002, Webb et al., 2016). It represents a lack of 
exchangeability between exposed and non-exposed groups (Webb et al., 2016). A confounder 
must be associated with outcome and must be associated with exposure but must not lie on 
the causal pathway between the exposure and the outcome (Webb et al., 2016). For example, 
to investigate the association between alcohol drinking (exposure) and lung cancer, smoking 
is a potential confounder which is associated with both the exposure and the outcome and ‘U’ 
is proxy of some unmeasured factor or factors that is a common cause of both smoking and 
alcohol drinking (Figure 22). 
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Exposure
(alcohol drinking)
Outcome
(lung cancer)
Confounding factor
(smoking)U  
Figure 22: Confounding: the association between exposure and outcome and a 
confounding factor where ‘U’ is the common cause of both exposure and confounder 
[source: (Webb et al., 2016)] 
 
Confounding arises in all non-randomised (and some randomised trial) studies and can lead 
to overestimation or underestimation of the effect size in any epidemiological study. A 
confounder can be identified by developing a conceptual understanding of the cause of 
disease (or other health outcome) based on what is logically sustainable and defensible 
(Webb et al., 2016). Two strategies are mainly used in epidemiological studies to control for 
confounding. One strategy is to reduce confounding by study design, either by randomisation, 
restriction or matching. The second strategy is to use statistical modelling approaches to 
account for confounding at the analysis stage (Bonita et al., 2006, Webb et al., 2016).  
This present thesis applied each of these approaches in adjusting for potential confounders.   
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Restriction 
One way to control confounding is to restrict the study sample to people with or without a 
given confounding factor. This can be done by restricting a study to a particular age or group. 
(Webb et al., 2016) For example, in a study investigating the association between coffee 
drinking and coronary heart disease, participants could be restricted to non-smokers, thus 
removing any potential effect of confounding by smoking status (Bonita et al., 2006). In the 
present thesis, to examine the association between HAP from cooking fuel and childhood 
mortality, analyses were restricted to children under-five years of age as younger children are 
more vulnerable to HAP exposure than older children.  
 
Stratification   
Confounding can also be controlled by stratification. That is, a measurement of the strength 
of association between exposure and outcome of interest separately for each level (stratum) 
of a given confounding factor (Bonita et al., 2006). For example, an analysis can be 
conducted separately for men and women in order to remove confounding by sex (Webb et 
al., 2016). If the adjusted measure of association is different from the crude value and similar 
within strata, then this is evidence that the crude association was confounded (Webb et al., 
2016). Therefore, the calculation of adjusted relative risk estimate (RR/OR) is appropriate in 
this situation. Where stratum-specific relative risk estimates (RR/OR) are heterogeneous and 
different from the crude value, then effect measure modification may be present. Effect 
measure modification is the situation where exposure-disease association changes over values 
(or levels) of some third value which is not a cause of the exposure and the outcome and does 
not occur on the causal pathway between the exposure and the outcome (Webb et al., 2016). 
The concept of effect measure modification is similar to the concept of ‘statistical interaction’ 
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in social science and statistics (Rothman, 2002). Confounding is a problem and something to 
adjust or control in order to obtain a less biased estimate; however, effect measure 
modification is something to highlight. It may be that the effect measure modification has 
aetiological importance in understanding the exposure-outcome relationship. The present 
thesis conducted stratified analysis by place of residence (urban or rural), location of the 
kitchen (separate kitchen or without separate kitchen) and by breastfeeding status (ever 
breastfed or never breastfed) to determine the magnitude of the effect of the exposure 
(cooking fuel) on outcomes (under-five mortality) and how they differed across levels of 
these variables. Place of residence, breastfeeding status and location of the kitchen were each 
also combined with the type of cooking fuel as composite ordinal variables to examine the 
different level of exposure to HAP for mortality outcomes.  
 
Multivariable modelling 
Another approach to control confounding is to apply multivariable modelling in the analysis 
of relative risk estimates (Webb et al., 2016). Multivariable modelling was employed in this 
present thesis to measure the strength of the association between the exposure and the 
outcome. The association between use of cooking fuel in the household and under-five 
mortality in the four South Asian countries was investigated using a series of multilevel 
multivariable logistic regression models and was adjusted for a range of potential 
confounders of place of residence, wealth index, mother’s age, maternal education, maternal 
working status, sex of child, parity, type of house, wall material and floor material of 
household and maternal smoking status. These factors have also previously been described as 
potential confounders for the association between HAP and under-five mortality (Bassani et 
al., 2010, Epstein et al., 2013, Ezeh et al., 2014, Kashima et al., 2010, Naz et al., 2015, Naz et 
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al., 2016, Pandey and Lin, 2013, Rehfuess et al., 2009, Rinne et al., 2007, Tielsch et al., 2009, 
Wichmann and Voyi, 2006).  Additionally, analyses stratified by breastfeeding status and by 
the location of the kitchen were also conducted to define whether the magnitude of the effect 
of the cooking fuel on mortality outcomes differed across different levels of these two 
variables. (Details on analysis techniques were described in Chapters Four-Nine)  
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Implications and recommendations 
Implications of findings 
This thesis investigated the current knowledge and main gaps in understanding the health 
impacts of children under-five from exposure to cooking smoke from polluting solid fuels in 
South Asian countries. Specifically, this thesis focused on the effect of HAP from cooking on 
childhood deaths in Bangladesh, India, Pakistan and Nepal. Solid fuel use in the household is 
the major source of HAP and accounts for a substantial burden of morbidity and mortality in 
low-income South Asian countries. This thesis identified consistent and moderately strong 
evidence of an association between HAP from cooking fuel and under-five mortality in South 
Asia. Studies from this thesis investigated potential confounding factors associated with 
HAP, and estimated the avoidable burden of under-five mortality associated with HAP from 
cooking fuel in the four South Asian countries. Based on evidence from this present research 
project, more detailed research needs to be conducted based on objective measures of 
exposure from HAP, as well as the implementation of identified interventions in the South 
Asian context to reduce the burden of under-five mortality associated with HAP. 
 
Findings from the thesis suggested that the risk of under-five mortality associated with HAP 
is stronger in Nepal than other South Asian countries (OR>2). Additionally, there is an 
indication of a modest higher risk of mortality in Bangladesh, India and Pakistan and the 
thesis found an overall decreasing trend for all South Asian countries in the association 
between use of cooking fuel and under-five mortality. Childhood mortality among both 
exposed and unexposed to HAP decreased significantly over time; however, the relative 
effect of the use of polluting fuel for cooking on differentials in under-five mortality has not 
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changed substantially over the study period. For this reason, extensive research in this area 
needs to be done for South Asia.  
 
The thesis also suggested that breastfeeding practices in the first year of life was associated 
with substantially lower HAP related under-five mortality outcomes in all South Asian 
countries, and is consistent with studies indicating that breastfeeding may protect children 
against respiratory infections and other diseases (Arifeen et al., 2001, Victora et al., 2016, 
Victoria, 2000). Furthermore, findings also suggested that cooking in a separate kitchen and 
removing children from the cooking area during cooking would reduce the risk of under-five 
mortality associated with the use of cooking fuel in Bangladesh, India, Pakistan and Nepal. 
These behaviours factors represent modifiable points for intervention in South Asia to 
address HAP exposure among children.    
 
The thesis also estimated the burden of under-five mortality that could be avoidable in South 
Asia associated with HAP from cooking fuel to inform potential future interventions. 
Findings suggested that up to 18% cases of under-five mortality could be attributable to HAP 
in South Asia, and prevented by switching to clean fuel (such as electricity and gases). Based 
on theoretical minimum prevalence, the study further suggested that 18% of cases of under-
five mortality in South Asia could be accurately avoidable by relocating the kitchen (based on 
previous intervention study in Pakistan (Nasir et al., 2013)) and 43% of cases of childhood 
deaths in South Asia could be achievable by using improved cooking stoves with proper 
ventilation (based on a previous intervention reported in Nepal (Singh et al., 2012)). The 
estimates of the avoidable burden of under-five mortality from this thesis can be a starting 
point to assist policy makers to establish adequate interventions in South Asia.        
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Recommendations for effective interventions and policy responses 
The findings from this thesis indicate the importance of implementing affordable and 
effective interventions, policies and strategies to reduce the risk of under-five mortality 
associated with exposure to indoor smoke from use of cooking fuel in developing South 
Asian countries. The current number of affordable and cost-effective interventions to improve 
child health in the South Asian region related with HAP is limited. Recommendations for 
effective interventions from this thesis are based on findings from the systematic analysis of 
national-level DHS data in the South Asian countries of Bangladesh, India, Pakistan and 
Nepal (Naz et al., 2015, Naz et al., 2016, Naz et al., 2017b, Naz et al., 2017a) and other 
similar global studies (Bassani et al., 2010, Epstein et al., 2013, Ezeh et al., 2014, Kashima et 
al., 2010, Kleimola et al., 2015, Pandey and Lin, 2013, Rehfuess et al., 2009, Rinne et al., 
2007, Tielsch et al., 2009, Wichmann and Voyi, 2006) which investigated the association 
between HAP from cooking fuel and under-five mortality.  
 
Previous reviews of interventions (Ballard-Tremeer and Mathee, 2000, Bruce et al., 2015, 
Clark et al., 2013, Rehfuess et al., 2014) have suggested that technical effective interventions 
could reduce HAP in 3 ways- (1) by producing less smoke (for example, using improved 
stoves, improved fuels and fuel switching), (2) by removing smoke from the indoor 
environment (for example, using chimneys, hoods and ventilation), and (3) by reducing 
exposure to smoke (for example, reducing cooking time, changing cooking behaviour or 
kitchen design). This present thesis also recommends evidence-based, South Asian context-
specific and practical interventions to inform policy and assist public health professionals in 
identifying strategies in South Asian countries to reduce under-five mortality associated with 
HAP from the use of cooking fuel.          
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Switching to cleaner cooking fuel 
Switching to cleaner fuels from polluting fuels is most effective intervention for reducing 
HAP from the use of cooking fuel. Switching exclusively to cleaner fuels (for example, 
electricity, liquid petroleum gas, natural gas and biogas) from polluting fuels (for example, 
wood, animal dung, crop residues, charcoal, coal etc.) could prevent up to 18% of under-five 
mortality in South Asia. However, in reality, access to clean fuel is economically not feasible, 
given the poor rural and urban communities in South Asia who would need to obtain access 
(Joshi, 2006, Mishra et al., 2005, Nasir et al., 2013, Nasir et al., 2015, Naz et al., 2015, Naz et 
al., 2016).  
 
Electricity is the cleanest of all fuels in terms of HAP. However, it is not the best source of 
energy for cooking and heating for low-income developing countries (Ballard-Tremeer and 
Mathee, 2000). The use of electricity for cooking is not common in developing world, 
electricity is mostly used for lighting and operating electrical appliances such as radio and 
television (Ballard-Tremeer and Mathee, 2000). Most of the population in South Asian 
countries are living in rural areas and still depend on traditional energy (solid fuels) sources 
where access to electricity is very limited and an expensive option for cooking (Lahiri-Dutt, 
2006). Therefore, it would not be a practical intervention in terms of affordability, availability 
and accessibility in South Asia, and would require long-term investment programs for access 
to electricity in rural and peri-urban areas. 
 
An alternative fuel source for cooking is natural gas or LPG. Switching from solid fuels to 
LPG could extensively reduce harmful pollutants from indoor air (Budds et al., 2001). 
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Governments from many countries such as Ghana, Jordan, Mexico, Morocco, Peru, Thailand 
and Brazil keep the retail price of natural gas artificially low to increase the adoption of LPG 
in poor families, as high cost presents the greatest barrier to the adoption of LPG in poor or 
rural households (Kojima, 2011). Globally, the cost of cooking by using LPG ranges from 
$40-90 annually per household, as described in an intervention study for cost-effective 
analysis to reduce HAP (Mehta and Shahpar, 2004). For some countries, LPG may not be the 
best alternative due to availability and affordability, and low-income developing countries do 
not exceed 10% LPG usage as income remains an important barrier to adoption (Kojima, 
2011). Like Brazil (Lucon et al., 2004), the government agencies in South Asian countries 
should consider strategies and investment programs for LPG supply at subsidized prices to 
poorer communities to give them an affordable energy source option as well as obtain a 
cleaner environment.  
 
Biogas fuel is a more affordable option compared to LPG, and access to biogas is considered 
clean, more efficient and environmentally sustainable than use of solid fuels (Budds et al., 
2001). Biogas is produced from the anaerobic digestion of existing biomass such as kitchen 
waste, animal dung, crop residues and green wastes (Surendra et al., 2014). The resulting gas 
is rich in methane and burns very cleanly with very low emission of PM and CO (Surendra et 
al., 2014). Biogas burns with a clean blue flame and stoves are considered the best resources 
of using biogas in rural areas of developing countries (Bond and Templeton, 2011). Biogas is 
not extensively used, several initiatives of many countries such as China, Nepal, India and 
Bangladesh are installing biogas plants in some specific regional areas to reduce HAP from 
cooking fuel (Bond and Templeton, 2011, Budds et al., 2001, Surendra et al., 2014). India 
started installing biogas plants since 1999 and over 3 million family-sized biogas plants have 
been established in some areas of India (Bond and Templeton, 2011). Moreover, in Nepal per 
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capita use of biogas plants is the highest in the world (Surendra et al., 2014).  However, 
biogas production requires a reasonable supply of biomass and water (Budds et al., 2001). 
Despite its important environmental, health and impacts, biogas technology has not been 
implemented widely in low-income rural areas of developing countries (Surendra et al., 
2014). One of the main limitations of installing biogas plants at scale is the high installation 
and maintenance costs (Surendra et al., 2014). For developing wider scale biogas plant 
technology in South Asian countries, substantial financial and technical support from the 
government and aid agencies is required to address the burden of under-five mortality related 
with HAP at the population level.     
 
Improved cooking stoves 
Access to cleaner fuel is limited due to availability and affordability, and thus solid fuels 
remain the most practical fuel among poor families of South Asian countries (Joshi, 2006, 
Mishra et al., 2005, Nasir et al., 2013, Nasir et al., 2015, Naz et al., 2015, Naz et al., 2016).To 
provide increased access to clean fuels in poor communities, long-term strategies and 
government investment programs are required. Shorter term, more efficient, cost-effective, 
and sustainable policies need to be promoted in South Asia. The short-term alternative would 
be to promote use of improved cooking stoves with chimney, flues and hoods, as proposed in 
previous global intervention reports and studies (The World Bank, 2011, Bruce et al., 2015, 
Chengappa et al., 2007, Chowdhury et al., 2012, Clark et al., 2013, Hanbar and Karve, 2002, 
Jan, 2012, Khushk et al., 2005, Lucky and Hossain, 2001, Rehfuess et al., 2014, Sinton et al., 
2004). 
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These improved cooking stoves are made of mud, clay and husk with a metal chimney or 
flues attached to the back of the stove to release smoke and hot air outside the kitchen and 
sometimes a metal hood is attached on the top of the stove. These cooking stoves have been 
trialled in intervention studies in Bangladesh, India, Pakistan and Nepal to reduce indoor 
smoke (Chengappa et al., 2007, Chowdhury et al., 2012, Dasgupta et al., 2006, Hanbar and 
Karve, 2002, Jan, 2012, Khushk et al., 2005, Lucky and Hossain, 2001, Nasir et al., 2013, 
Singh et al., 2012). Improved cooking stoves, when used properly, have been found to be 
energy efficient as well as beneficial for health as they reduce emissions of particulates (The 
World Bank, 2011, Bruce et al., 2015, Clark et al., 2013, Rehfuess et al., 2014). China and 
India have carried out improved cooking stove programs among rural households since the 
1980s (Hanbar and Karve, 2002, Sinton et al., 2004). The recent RESPIRE trial in Guatemala 
suggested that improved cooking stoves might reduce exposure to HAP by 50% (Smith et al., 
2011). Similarly, intervention studies from Nepal and Bangladesh also found that 63% and 
59% of reduction on PM concentrations could be achieved by using improved cooking stoves 
(Chowdhury et al., 2012, Singh et al., 2012). Assuming that the previous intervention from 
Nepal (Singh et al., 2012) could be replicated across each of the South Asian countries in the 
present thesis, approximately 6%, 13%, 28% and 4% of all cases of under-five mortality 
associated with use of cooking fuel could theoretically be avoided in Bangladesh, India, 
Nepal, and Pakistan respectively.  
 
The cost of using improved cooking stoves ranges from $3-24 per household annually in 
international dollars, which is lower when compared to LPG ($40-90) in terms of global 
population (Mehta and Shahpar, 2004). However, chimneys or flues in the stove are 
expensive and difficult to obtain in poor communities (Budds et al., 2001). For this reason, 
affordable improved cooking stove installation projects need to be more widely promoted in 
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rural areas of South Asia in order to promote a culture of clean, efficient and sustainable 
utilisation of biomass energy for lowering the emission of smoke from cooking fuel and most 
importantly reduce the health risks associated with HAP.  
 
Behavioral interventions 
The design of kitchens and cooking areas can reduce HAP from cooking fuel. If the stove is 
located close to doors or windows, a large amount of emissions will dissipate from the indoor 
area (Budds et al., 2001). Ventilation in the kitchen is an important factor for reducing HAP 
(Clark et al., 2013). Evidence from Bangladesh recommended that ventilation in the cooking 
area significantly lowered the exposure even for poor families that use biomass fuel for 
cooking (Dasgupta et al., 2006). Another significant option is to cook in a separate kitchen if 
possible, or cook outdoors. Studies from developing countries (Naz et al., 2015, Naz et al., 
2016, Rehfuess et al., 2011) have shown a higher risk of under-five mortality in those 
households using solid fuels in inside kitchens than in houses with a separate or outdoor 
kitchen. A community-based intervention study in Pakistan suggested that improved design 
of the cooking space or relocating the kitchen outside instead of inside the house could 
reduce particulate matter (PM) concentrations by 22% (Nasir et al., 2013). Assuming this 
22% reduction could be replicated in each country studied in the present thesis, 
approximately 2%, 4%, 11% and 1% of cases of under-five mortality in Bangladesh, India, 
Nepal and Pakistan respectively, could theoretically be avoided.  
 
Families in South Asia do not need to wait for clean fuels or clean stoves to reduce emissions, 
modifications to cooking areas and community-based awareness-raising programs for 
237 
 
cooking in ventilated places could be approaches that reduce exposure to HAP from cooking 
fuel. These approaches are potentially feasible for rapid implementation in poor communities 
and therefore, has the best potential to be cost-effective interventions in peri-urban and rural 
areas of South Asian countries for reducing HAP from cooking fuel.  
 
Breastfeeding in the first one year of life can protect children against infections, respiratory 
illnesses and other diseases and can lower the risk of childhood mortality which has been 
reported as a protecting factor for infant in many child health-related studies (Arifeen et al., 
2001, Black, 2003, Ladomenou et al., 2010, Victora et al., 2016). Findings from the present 
thesis also suggested that breastfeeding may substantially reduce the risk of under-five 
mortality even among those exposed to HAP from the use of cooking fuel. Therefore, 
encouraging and educating mother about the benefits of breastfeeding their children would be 
an additional behavioural intervention to reduce the burden of under-five deaths associated 
with HAP. Community-based infant feeding programs that involve government and non-
government agencies that provide information to mothers for improving and promoting 
optimal breastfeeding practice behaviours in the low socio-economic status group in South 
Asia can also have impacts on exposure to HAP.         
 
Women’s education and empowerment is another important factor for decreasing under-five 
mortality, as women are responsible for cooking in most of the South Asian countries (Jan, 
2012, Martin II et al., 2013, Munroe and Gauvain, 2012, Nasir et al., 2015, Rehfuess et al., 
2011). Mothers and their young children are the main household members who frequently are 
exposed to cooking smoke, as they spend long hours on cooking and disproportionately be 
affected by related health outcomes compared to men (Munroe and Gauvain, 2012, Rehfuess 
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et al., 2011). Educating mothers about the health risk of using polluting fuels, and the benefits 
of cooking in a separate or ventilated kitchen, and encouraging mothers to reduce cooking 
time and to keep children away from the cooking area, could significantly reduce the risk of 
deaths of young children in South Asia.         
 
 
Recommendations for future research 
This present thesis investigated the association between HAP from the use of cooking fuel in 
the household and under-five mortality in Bangladesh, India, Pakistan and Nepal by using 
DHS datasets. The research in this thesis has identified a number of areas for further 
investigation to develop cost-effective, context-specific, and culturally appropriate 
interventions in South Asia, and to implement appropriate policy responses for reducing 
under-five mortality associated with HAP.   
 
 Quantitative research on cause-specific childhood mortality associated with HAP in 
South Asia needs to be conducted in the future to identify those mortality outcomes 
associated with HAP.  
 
 Longitudinal and community-based research on monitoring the level of emissions of 
particulate matters and exposure from cooking fuel and their association with 
childhood mortality and intermediate health outcomes (such as ARI) need to be 
considered, with assistance from government and other aid agencies in South Asia.  
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 The current number of affordable and effective interventions for reducing the risk of 
childhood mortality related to exposure to indoor smoke from cooking fuel in South 
Asian countries is limited. Economic and policy mechanisms to facilitate the adoption   
in regional populations need to be further investigated to identify how the effective 
interventions to reduce under-five mortality associated with HAP in South Asia can 
be scaled to national populations.  
  
 Qualitative approaches also need to be considered to understand community 
preferences and choices of existing cost-effective interventions. For example, barriers 
and facilities to use different type of improved cooking stoves and different type of 
designs for cooking spaces. 
 
 
 Children less than five years of age are the most vulnerable group for exposure from 
any pollutants, as a result, they are likely to be exposed more to indoor and outdoor 
pollution respectively. However, this thesis only focused on HAP from cooking fuel. 
Therefore, further study needs to be conducted in the future to also incorporate the 
role of outdoor air pollution and other types of HAP (for example, smoking status of 
household’s members) with use of cooking fuel in order to obtain a more nuanced 
assessment of under-five mortality associated with use of cooking fuel in South Asian 
countries.   
 
 Long-term community-based trials need to be adopted in South Asian countries 
focusing on the evaluation of implemented interventions to reduce HAP and under-
five mortality. 
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Conclusions 
This current study indicates that the ubiquitous use of polluting fuels in the household of 
Bangladesh, India, Pakistan and Nepal is associated with an increased risk of under-five 
mortality. Findings from this research suggested that breastfeeding practices, cooking in a 
separate kitchen and an awareness not to carry children during cooking may be potential 
targets for behavioral interventions and policy responses to improve health and quality of life 
for South Asian populations, especially young children living in poverty. 
 
The burden of under-five mortality associated with HAP in South Asia remains a significant 
and avoidable public health problem. The wider implementation of effective community-
based programs targeting the modifiable exposure of cooking fuel, through improvements in 
housing design, behavioral intervention, implementing health system policies and continued 
economic development, particularly in rural and low-income urban communities has the 
potential to substantially reduce the under-five mortality in South Asia. 
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